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ABSTRACT
The occurrence of trace organic contaminants (TrOCs), both from anthropogenic and
naturally occurring origins, in the aquatic environment is of concern from
environmental and human health protection perspective. Many of these TrOCs are
ubiquitous in domestic wastewater and advanced treatment processes are required to
ensure their removal to a safe level if the reclaimed water is intended for indirect
potable water recycling applications. This thesis work investigated the removal of
TrOCs by three integrated membrane processes for indirect potable water recycling
applications. The results reported in this thesis indicate that a combination of
membrane bioreactor (MBR) with nanofiltration (NF) or reverse osmosis (RO)
membrane filtration can complement each other very well to efficiently remove a
wide range of TrOCs. Forward osmosis (FO) is an emerging treatment technology
and results reported here also showed some promising aspects of this process for the
removal of TrOCs. The innovative combination of FO in combination with MBR in
the form of osmotic membrane bioreactor (OMBR) for the removal of TrOCs was
also investigated in this thesis work. The results are preliminary but demonstrate the
potential of this approach as a low energy process for the production of high quality
treated effluent, particularly when discharging into the ocean (i.e. seawater is readily
available as the draw solution).
The removal of TrOCs by a hybrid treatment process incorporating an MBR with
NF/RO filtration was investigated. Using a laboratory scale MBR system and a
cross-flow NF/RO system, experiments were conducted with 40 organic compounds
representing the major groups of TrOCs found in wastewater. The results suggest
that the MBR system could effectively remove hydrophobic and biodegradable trace
organic compounds, while the remaining trace organic compounds (mostly
hydrophilic) were effectively removed by the NF/RO membranes. The combination
of MBR and a low pressure RO membrane resulted in more than 95% removal (or
removal to below the limits of analytical detection), for all the compounds
investigated in this study. Results reported in this research component also suggest
that fouling mitigation of the NF/RO membranes can be adequately controlled.
The rejection of TrOCs by an osmotically driven membrane filtration process was
also investigated using a set of 40 compounds. Their rejection by an FO membrane
ii

specifically designed for the osmotically driven process and a tight NF membrane
was systematically investigated and compared under three different operating modes,
namely forward osmosis (FO), pressure retarded osmosis (PRO), and reverse
osmosis (RO). The results revealed that the FO membrane had a considerably higher
water flux than the NF membrane when operated in either the FO or PRO modes.
However, the NF membrane consistently rejected the contaminants better than the
FO membrane. In the RO mode, electrostatic interactions played a dominant role in
governing the rejection of charged compounds, whereas in the FO and PRO modes,
their rejection was governed by both electrostatic interaction and size exclusion. On
the other hand, the rejection of neutral compounds was dominated by size exclusion,
with rejection increasing with the molecular weight of the component. The PRO
mode resulted in a higher water flux but a notably lower rejection of TrOCs than
with the FO mode. It is also noteworthy that the rejection of neutral compounds in
the FO mode was higher than in the RO mode. This behavior could be attributed to
the retarded forward diffusion occurring in the FO mode.
The removal of TrOCs using an innovative OMBR system was also investigated.
Following an initial gradual decline, a stable permeate flux value was obtained after
approximately four days of continuous operation, although the biological activity of
the OMBR system continued to deteriorate, possibly due to the build-up of salinity in
the reactor. The OMBR mostly removed the large molecular weight trace organic
compounds by above 80% and was possibly governed by the interplay between the
physical separation of the FO membrane and biodegradation. Whereas, the removal
efficiency of smaller trace organic compounds by OMBR was scattered and appeared
to depend mostly on biological degradation.
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Chapter 1 Introduction

CHAPTER 1: INTRODUCTION
1.1

Back ground

1.1.1 Trace organic contaminants in the environment
A large number of TrOCs can occur in the aquatic environment, usually at
concentrations of several micrograms per liter or lower. They can be classified into
several different groups including pharmaceuticals and personal care products (PPCPs),
pesticides, disinfecting by-products (DBPs), and endocrine disrupting chemicals
(EDCs). Many of these contaminants of concern are of anthropogenic origin but some
however naturally occurring compounds such as steroid hormones and phytoestrogens.
Although TrOCs can enter the environment via several different pathways, the
discharge of treated and untreated sewage has been recognized as a major source of
these contaminants. In fact, TrOCs are prevalent in raw sewage and can often be
detected at several micrograms per liter. Some TrOCs can also be detected after
secondary treatment.
The present of trace organic compounds in the aquatic environment has been the subject
of intense scientific investigations in recent years. These contaminants can be detected
at levels of several µg/L in secondary treated effluent. But in some rare cases, their
occurrences in ground and even drinking water have also been reported [1, 2]. As an
example ibuprofen and carbamazepine, well known PPCP that have frequently found at
these concentrations in secondary treated effluent, surface water, and even in
groundwater in the US [1, 3]. Their occurrences have also been reported in groundwater
in the US but with much lower concentrations [1, 3]. Similarly, steroid hormones have
been detected at concentrations of up to tens of nanogram per liter in surface water
around the world [1]. Trihalomethanes, important DBPs, are also ubiquitous in the
aquatic environment, particularly in treated water. Trihalomethanes have been detected
at concentrations up to 23 and 31 µg/L in samples of US groundwater and sewage
plants, respectively [2]. Pesticides such as diazinon and atrazine, which are the most
widely used insecticides, have been found at detected in concentrations of up to 350 and
430 ng/L in US water streams and tertiary effluent, respectively [4, 5].
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1.1.2 Effects of trace organic contaminants
The occurrences of TrOCs in the environment, even at ng/L levels, can be harmful to
some biota. Genetic, behavioural, and reproductive changes in some aquatic organisms
have been attributed to their chronic exposure to TrOCs, such as endocrine disrupting
chemicals and pesticides [6-8]. They can also adversely impact the reproductive system
of certain fish as well as the feminization of some amphibians and reptiles [9-12].
Microbial populations in aquatic ecosystems can also be affected by TrOCs. The growth
of some free floating aquatic plants and aquatic bacteria in sediment can be inhibited
where the antibiotic loading is high [13, 14].
There has yet been any clear and conclusive evidence to support a direct association
between the chronic exposure to TrOCs at environmentally relevant concentration levels
and health effects. However, sufficient data exists to suggest that these TrOCs must be
removed during wastewater treatment to better protect human health and the
environment [7, 8]. EDCs may induce adverse health impacts, particularly during fetal,
neonatal, and childhood development, even at low levels [15]. At sufficiently high
concentrations, the adverse effects on wildlife of many TrOCs has been widely
documented [11, 16]. For instance, various health problems such as hepatotoxic,
immunotoxic, neurotoxic, and behavioural effects on a range of animals have been
attributed to the occurrence of perfluorochemicals, even at trace levels [17].
1.1.3 The removal of trace organic contaminants by advanced treatment
The ever increasing growth in the world’s population inevitably leads to an increasing
demand for potable water. In addition, the pollution of fresh water sources could further
exacerbate the shortage of clean water suitable for potable water supply. Consequently,
a range of advanced treatment technologies has been explored and implemented over
the last two decades to decontaminate polluted water to combat the issue of clean water
scarcity. These include activated carbon adsorption, high pressure membrane filtration
processes such as nanofiltration (NF) and reverse osmosis (RO), advanced oxidation
processes (AOPs), membrane bioreactors (MBRs), and the emerging forward osmosis
(FO) process.
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The removal of TrOCs by activated carbon adsorption is highly variable and has been
widely used [18-21]. Powdered activated carbon could remove more than 90% of
EDCs, and some pesticides and DBPs such as atrazine and trihalomethanes, while there
is a variable removal efficiency of PPCPs, ranging from 17% for ibuprofen, and up to
95% for pyrene [22-26]. The removal rate of TrOCs by activated carbon depends on
their physiochemical proprieties such as charge and hydrophobicity. The removal
efficiency of positively charged and greater hydrophilic compounds using activated
carbon is usually higher than negatively charged compounds, which may reach up to
98% removal [27, 28]. The solution pH and the presence of natural organic matter in the
water matrix can also have a strong effect on the adsorption of charged contaminants
[29, 30].
High pressure membrane filtration processes including NF and RO have been
extensively used to remove a large variety of TrOCs [31-35]. Rejection of over 95% can
be achieved for most TrOCs by RO membranes [36]. NF membranes such as the
NF270 membrane have also been used and could achieve high rejection for charged
pharmaceuticals such sulfamethoxazole (99%) and ibuprofen (96%). The high rejection
of both of these pharmaceuticals were attributed to charge repulsion by the membrane
negatively charged surface [37]. Several pesticides can also be effectively rejected by
NF/RO membranes [38]. Nevertheless, the rejection of some neutral and small
molecular weight organic contaminants such as n-dimethylnitrosoamine (74.1 g/mol),
chloroform (119.4 g/mol) and bromoform (252.7 g/mol) may be incomplete even with
RO membranes [39]. Organic contaminants such as steroid hormones with high
hydrophobicity (Log D > 3.2), could adsorb onto the surface of the NF/RO membranes
due to hydrophobic–hydrophobic interactions causing a lower rejection when compared
to other hydrophilic compounds of similar molecular size [40, 41].
AOPs have been used to efficiently remove different types of organic contaminants
from reclaimed effluent and ground water [42]. Numerous studies in the literature have
demonstrated the limitations and effectiveness of AOPs in removing TrOCs from
wastewater [43-47]. Many pharmaceuticals and pesticides can be removed by ozone
oxidation [45, 47, 48]. By contrast ozone oxidation is less effective (50% or less) for
many PPCPs, including ibuprofen, naproxen, caffeine, iodinated X-ray contrast
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medium, and tonalide [45]. Additionally, the complete removal of several
pharmaceuticals has been achieved using a combination of hydrogen peroxide and UV
radiation (H2O2/UV) [47]. In addition, the Fenton process (Fe2) with 10 mg/L H2O2 can
remove 75% of pesticides such as atrazine, and completely remove triclosan from
ground water [46, 49]. Additionally, several pharmaceutical could be oxidised up to
80%, while up to 95% of some EDCs can be oxidised using electrochemical oxidation
such as TiO2 [46, 47, 50].
MBR technology is a relatively new process that can produce a consistent effluent
quality and has a small plant footprint compared to conventional activated sludge
(CAS). MBR success has resulted from the combination of biologically activated sludge
and membrane filtration has made MBR an acceptable and popular technique for
treating many types of wastewaters, particularly for the removal of TrOCs [22, 51-54].
MBR combines aeration and filtration, as well as clarification. It also has a single
process step at higher concentrations of biomass (MLSS) than CAS, combining space
savings with a higher removal capacity [55-59]. MBR systems can be operated such that
the quality and reliability of MBR effluent is reusable and dischargeable, and require no
further treatment [60]. It has been shown that the removal of some compounds such as
mefenamic acid, indomethacin, and gemfibrozil, can reached 40% by MBR and are not
removed by CAS, [61]. Furthermore, the removal of some endocrine disruptor
chemicals such as nonylphenols (NP) and nonylphenol ethoxylates (NPEOs) can be
improved by using MBR, rather than be removed using the CAS treatment [51, 53].
Tadkaew et al. [54] investigated the removal of a range of some 40 TrOCs by MBR,
under stable operating conditions. These results demonstrated high removal efficiencies
(> 85%) particularly for compounds bearing electron donating functional groups such as
hydroxyl and primary amine groups. However, there was a removal efficiency of less
than 20% for compounds possessing strong electron withdrawing functional groups.
In recent decades some excellent articles have reviewed the basic principles and
applications of the FO process for water and wastewater purification applications. The
purpose of using this osmotically driven process is to recover more water with lower
energy consumption [62-69]. Many recent studies on FO have focused on its use for
different water treatment applications [70-77], including medical applications to
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discharge drugs with low oral bio-availability [64]. The food industry also has used the
FO process where the feed solution cannot be pressurized or heated without
deteriorating the nutrient or taste quality [64].
The FO membrane can act as a barrier to against TrOCs [78-80]. Numerous researchers
have investigated the efficiency of FO for applications such as the treatment of
wastewater, desalination of seawater, and the production of drinking water [66, 70-73,
79, 81, 82]. . However, few of those studies focused on the optimisation of rejection of
trace organics using the FO process. For example, a recent study by Hancock et al. [78]
demonstrated that charged compounds were rejected by more than 80% by the FO
process, while the rejection of non-ionic compounds varied between 40 and 90% [78].
In another study, Valladares Linares et al. [79] investigated the rejection of trace
organics by FO, the results were also consistent to those reported previously by
Hancock et al. [78]. The rejection of hydrophilic ionic contaminants such as ibuprofen,
naproxen, fenoprofen, gemfibrozil and ketoprofen was from 92.9 to 98.6%. Conversely,
the rejection of neutral compounds (e.g. caffeine, 1,4-dioxane, acetaminophen,
metronidazole, phenazone, bisphenol A) varied from 40 to 95.2% [79].
A combination of FO with an MBR (also known as osmotic membrane bioreactor or
OMBR) process has also been used by different researchers to produce better product
water with a lower fouling tendency than conventional MBR [73, 83, 84]. The superior
water quality resulting from OMBR may be attributed to the barrier that exists to the
organic contaminants, and natural organic matter (NOM) that is less susceptible to
fouling an FO membrane by activated sludge solutions compared to UF/MF membranes
in MBR, as well as the high removal efficiency of MBR [73, 81]. For example, a hybrid
OMBR-NF system can remove more than 95 to 99.6% of TOC, respectively [85]. In
addition, the RO system, also after OMBR, can be operated with higher fluxes because
all the bivalent ions have been removed in the OMBR [73]. Additionally, more than
99% and 98% for total organic carbon and ammonium-nitrogen (NH4+-N), respectively,
can be removed by OMBR [81].
1.2

Objectives of the Research

This project aims to investigate three different integrated membrane processes,
including MBR-NF/RO, FO, and OMBR for the removal of TrOCs for indirect potable
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water recycling applications (Figure 1-1). The overall goal is to identify suitable
treatment process or combination with respect to their capacity to remove TrOCs.
The specific objectives of this study are to:
1. Elucidate the behaviour and removal mechanisms of trace contaminant compounds
through MBR-NF/RO and OMBR hybrid systems.
2. Relate the physicochemical properties of TrOCs and operating conditions to

their overall removal.
3. Develop a separation technique using FO and OMBR processes for the removal

of a range of trace contaminants of concern.
4. Identify key factors that can influence the rejection of TrOCs by NF/RO/FO

membranes.

Chapter 1: Introduction

Chapter 2: Literature review

Chapter 3: Materials and methods

Chapter 4:
The combination of MBR
and NF/RO process

Chapter 5:
Forward osmosis process

Chapter 6:
Osmotic membrane
bioreactor

Chapter 7: Conclusions and recommendation

Figure 1-1: Research framework of the “Removal of trace organic contaminants by
integrated membrane processes” dissertation.
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1.3

Thesis outline

This thesis consists of seven Chapters. Chapter 2 provides a comprehensive literature
review on key advanced water treatment processes for water recycling applications. The
chapter also discusses the occurrence of TrOCs, including the current understanding of
their removal by different treatment processes. Chapter 3 describes the materials and
methods used in this research. Chapter 4 is the first experimental section and describes
studies on a combined of MBR and NF/RO processes for indirect potable water
recycling applications. Chapter 5 discusses investigations into the rejection of trace
organics by forward osmosis (FO) using different modes of operation (PRO, FO, RO),
and then compares the findings with the results using an NF membrane (NF90) under
the same operating conditions. The water and reverse salt fluxes of FO during each
experiment are reported and compared to delineate the overall performance of the FO
process. Chapter 6 reports on the performance of a novel osmotic membrane bioreactor
(OMBR) system as a flux stabiliser and for the removal of trace organics. Chapter 7
summaries the key findings resulted in the research as reported in chapters 4, 5, and 6.
Chapter 8 provides a list of recommendations for future studies on this research topic.
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CHAPTER 2: LITERATURE REVIEW
2.1

Introduction

Water recycling is an important alternative source for fresh water which is currently in
short supply in many parts of the world. Consequently, several advanced treatment
technologies based on biological and physiochemical techniques have been introduced
in recent years. Of these, membrane bioreactors (MBRs) and nanofiltration (NF) or
reverse osmosis (RO) are in most frequent use. However, each of these treatment
strategies has limitations and none can effectively remove all of the contaminants
associated with wastewater, particularly those classified as TrOCs. These contaminants
include numerous industrial chemicals, household products, and pharmaceuticals and
personal care products, have a wide range of physicochemical properties. Consequently,
the development of novel treatment processes and further improvement of current ones
are required to utilise alternative water sources such as wastewater to ensure reliable
and high quality water supply.
MBR has increasingly becomeing a technology of choice for the treatment of reclaimed
water. MBRs have high biodegradation efficiency, less sludge production, and a small
footprint [86, 87]. Furthermore, MBRs are capable of producing high quality reclaimed
water suitable for a wide range of water reuse applications [88]. However, the capacity
of MBRs for removing TrOCs depends greatly on the chemical properties of the
compound (e.g., hydrophobicity and chemical structure). In addition, the biomass
concentration, pH, and temperature of the wastewater supply can be important factors
that affect their removal efficiency [89-91]. Hydrophobic compounds have a strong
tendency to adsorb onto the organic material of the sludge and can therefore be
effectively removed, whereas hydrophilic and recalcitrant compounds are not
significantly removed by MBRs [90]. Removal of some TrOCs by MBRs can therefore
be incomplete, although satisfactory elimination can be achieved by using NF and RO
treatments sequentially with MBRs [92, 93].
Similar to MBRs, NF/RO membranes have been widely used where high removal
efficiency of TrOCs is required for the production of high quality water [94-96].
However, although NF/RO membranes have high rejection of hydrophilic compounds
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[95, 97], their removal efficiency of hydrophobic and small molecular weight organic
contaminants can be much less efficient. Since these hydrophobic compounds can be
very effectively removed by MBRs, it is hypothesized here that an MBR process
followed by NF/RO filtration has the potential to effectively remove a wider range of
TrOCs.
Forward osmosis (FO) is a novel and emerging low energy technology for water
treatment that has gained significant interest and been studied in recent years [72, 98100]. FO operates at no or low hydraulic pressure, has a lower membrane fouling
propensity and is more controllable than pressure-driven membrane processes [101]. In
addition, FO has the potential to effectively remove a wide range of contaminants of
concern in typical water and wastewater treatment applications. This particular aspect
though has not been fully substantiated [72, 80]. The use of FO for water and
wastewater treatment has been evaluated in numerous studies [67, 70-72, 77, 78, 85,
102, 103].
The combining of biological treatment (MBR) and FO membrane separation for
wastewater treatment has recently explored by several researchers [73, 81, 104]. This
combined process, known as osmotic membrane bioreactor (OMBR), retains the
inherent advantages of both MBR and FO. Limited evidence indicates that OMBR may
offer a simple and elegant technological solution for the production of high quality
effluent for water reuse or for direct effluent discharge in the environment [73, 81, 104].
The removal efficiency of TrOCs by OMBR also has not been evaluated thus; there is
an urgent need to focus on their removal during wastewater treatment in order to better
protect the environment.
2.2

Types of trace organic contaminants

A large number of TrOCs of concern exist in the environment. There are several
overlapping classification systems for these compounds (Table 2-1). They can be
classified according to their origins, usage, possible health effects and physicochemical
properties. Most TrOCs are of anthropogenic origin. However, some can be naturally
occurring compounds such as steroid hormones and phytoestrogens. Based on their
usage or possible health effects, TrOCs can be classified as pharmaceuticals and
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personal care products (PPCPs), pesticides, disinfection by-products (DBPs) and
endocrine disrupting chemicals (EDCs). Examples of PPCPs frequently detected in the
aquatic environment are ibrurofen, carbamazepine, gemfibrozil, and triclosan [1, 4, 51].
Atrazine, a widely used herbicides, is an example of pesticides often found in the
agricultural run-off water [105]. Some EDCs such as bisphenol A and alkylphenols are
produced and used in large quantities and thus are ubiquitous in domestic and industrial
wastewater. Other EDCs such as natural hormones are continuously released into the
environment by humans and other mammals. Chlorinated organic compounds such as
haloacetic acids and trihalomethanes are notable examples of disinfection by-products
[2].
Trace organic contaminants can also be classified based on their physicochemical
properties. Volatility and polarity are among the most important properties. TrOCs can
be classified as volatile organic or non-volatile organic compounds. Volatile organic
compounds such as halogenated hydrocarbons can exist in both aqueous and gas phases
at environmental condition and they are readily transferable between the aquatic
environment and the atmosphere [105]. On the other hand, non-volatile organic
compounds present predominantly in the aqueous and sedimentary phase [106]. Polarity
is another important property which can be used to classify the TrOCs. Methyl tertiarybutyl ether (or MTBE) and N-nitrosodimethylamine (also known as NDMA) are
examples of polar organic contaminants which are readily soluble in the aqueous phase
[95]. Non-polar organic compounds such nonylphenol and biphenol A can adsorb to the
solid phase (such as sediment and suspended solid) and thus there exists a distribution
of these compounds between the solid and aqueous phase [107].
The polarity of TrOCs can be also described by their hydrophobicity which is
represented by the octanol–water partitioning coefficient (Log Kow) values. For
ionisable compounds, their speciation must be taken into account and the effective
octanol–water partitioning coefficient (Log D) can be used. Several researchers [54,
108] have suggested that TrOCs with log D of less than 3.2 can be assigned as being
hydrophilic. Conversely, hydrophobic TrOCs may be defined as having a log D of 3.2
or higher. Most steroid hormones are hydrophobic and they have a tendency to exist in
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the sediments as well as in the aqueous phase. On the other hand, many pharmaceuticals
are relatively hydrophilic and they can be found mostly in the aqueous phase [109, 110].
Table 2-1: Examples of the classification of trace contaminants according to their origin,
type and/or general category of use.
Origin and usage
Ref.
[111]
1
pharmaceuticals
2
disinfectant
by-products
3
flame retardants
4
taste and odour
5
6

Drug classes and environmental
occurrences
[7]
antibiotics
disinfectants/antiseptics
retinoids
fragrances (Musk)
diagnostic contrast media
nutraceuticals /herbal remedies

7
8

detergents
non-agricultural
biocides
hormones
heavy metals

9
10
11
12
13

solvents
pesticides
petrochemicals
human hormones
inorganics

14

intermediates

15
16

cyanotoxines
personal care
products
additives

antineoplastics
tranquilizer
beta-blockers
impotence drugs
antidepressants/obsessive-compulsive
regulators
nonopioid analgesics/nonsteroidal
anti-inflammatory drugs/nonsteroidal
antiepileptic
sunscreen

17

hormones/hormone mimickers
blood lipid regulators

preservatives

Type of compound or
general category of
use
[3, 4, 112]
antibiotics
disinfectants
fire retardant
fragrances and
flavours
detergent metabolites
insect repellent
plasticizer
other prescription
drugs
solvents
pesticides/insecticides
antioxidants
steroids/sterols
non-prescription
drugs
combustion
products/PHAs
dyes/resins/fuels
cosmetics
reproductive
hormones

18
19

lubricants
metabolites for all
above

2.3

Occurrence of trace organic contaminants in the aquatic environment

The occurrence of TrOCs in the aquatic environment has been a subject of intense
scientific investigations over the last two decades. These contaminants are most
prevalent in raw sewage and secondary treated effluent where they can be detected at up
to several µg/L (Table 2-2). In some rare cases, their occurrence in ground and even
drinking water has reported. The discharge of TrOCs via wastewater treatment plants is
11
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a major source of these contaminants into the aquatic environment. The frequent
presence and concentration of TrOCs in the environment can be influenced by factors
such as level of wastewater treatment, population density, and degree of
industrialisation. However, in general, the most frequently detected groups of TrOCs in
the environment are PPCPs, pesticides, EDCs, DPBs.
PPCPs represent the largest group of TrOCs of concern in the environment. Ibuprofen is
one of the most prescribed drug (either by mass or number of prescriptions) and is
frequently found at concentrations up to 10 µg/L in sewage and secondary treated
effluent [1]. Carbamazepine, on the other hand, is known to be very resistant to
biological wastewater treatment and is also frequently found secondary treated effluent
and surface water at concentration of up to several µg/L [1]. In addition, carbamazepine
has been frequently detected in groundwater in the US [3]. Most other pharmaceutical
compounds have been detected in surface water or secondary treated effluent at
concentrations of approximately 100 ng/L [1]. In surface water, endocrine disrupting
chemicals such as steroid hormones have been frequently detected at concentrations of
several ng/L. For example, ethinylestradiol (EE2) which is a synthetic steroid hormone
widely used as the active ingredient of the contraceptive pill, has been found at
concentration of up to 10 ng/L in surface water around the world [1].
DBPs are also ubiquitous in the aquatic environment, particularly in treated water. For
instance, in a survey in 1997 to 1998, trihalomethanes were detected at amounts up to
23 µg/L in groundwater samples in the US [2]. The same group of compounds were
reported at even higher concentrations (31µg/L) in sewage plants. In the same study,
halonitromethane bromopicrin, reported in the range between 5 to 10 µg/L in the
effluent of sewage plant. Agriculture production is a major source of pesticides to the
environment. Diazinon, one of the most widely used insecticide, was detected at 70-350
ng/L in US water streams [4]. Atrazine has been detected in tertiary effluent in the US at
concentrations 1 to 430 ng/L [5].
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2.4

Effects of trace organic contaminants

2.4.1 Effects on aquatic organisms
The occurrence of TrOCs even at several ng/L up to a few µg/L levels in the
environment can be harmful to some aquatic organisms. Recent studies have
demonstrated chronic and sometime even acute exposure can cause toxicity and lead to
effects such as genetic, behavioural, reproductive changes in some aquatic organisms
[6-8]. For example, endocrine disrupting chemicals can adversely impact on the
reproductive health of various fish species [12]. In particular, natural hormones such as
17β-estradiol and estrone and the synthetic hormone such as 17α-ethinylestradiol can
cause male feminization in fish even at very low concentrations (i.e. approximately 1
ng/L) [10, 95]. A high level of embryo deformity (20–30%) in fish around Xiamen in
China has been reported and were attributed to pesticide contamination [113].
Furthermore, endocrine disrupting chemicals can also be responsible for other extensive
and adverse effects on aquatic organisms such as growth inhibition, immobility,
mutagenicity, changes in population density and mortality [90], especially from high or
direct exposure [17, 114]. These class of TrOCs can influence aquatic population by the
feminization of amphibian, and reptile [9, 10] due to synthetic estrogens [12], in
particular nonylphenol [11]. Atrazine (a typical pesticide) has been reported to impact
on a range of organism function including the gill function of crabs, the immune system
of snails, the development and metamorphosis of frogs and have a feminizing effect on
male turtles [115]. Moreover, in lab scale experiments atrazine caused retarded
testicular oogenesis (intersex) and gonadal development in leopard frogs doses of 100
ng/L [116] .
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Table 2-2: Summary of occurrence level of several TrOCs detected in surface, ground, raw waters
and effluent from sewage treatment plants (STP).
Trace organic contaminants
Class
Surface
Pharmaceutical& Personal care products
(PPCPs)
Ibuprofen
5.5-2700
Bezafibrate
NA
Gemfibrozil
1.8-790
Naproxen
11
Carbamazepine
4.5-1075
Clofibric acid
NA
Diclofenac
1.1-6.8
Salicylic acid
6.7
Iodinated X-ray contrast media
2-10 a
Ofloxacin
3.2-18
Sulfamethoxazole
1.9 – 1900
Diazepam
<100
Primidone
635
Ketoprofen
3.4-329
Ciprofloxacin
NA
Norfloxacin
NA
Sotalol
NA
Trimethoprim
0.9-710
Metformin
3-150
Triclosan
50-2300
Caffeine
4-6000
Pesticides
Diazinon
3-350
Atrazine
<10
Dichlorphenol
<5-7
Endocrine Disrupting Chemicals (EDCs)
Bisphenol A (BPA)
0.5-140
Estrone (E1)
0.1-5
Estradiol (E2)
0.6

Concentration in water (ng/L)
Ground
raw sewage

Ethinylestradiol (EE2)

Ref.

1000-3020
NA
8000
8000
2000
800-2000
400
340-8000
30-130 a
NA
1000
NA
NA
80-5700
NA
NA
700
600
40 a
NA
NA

10-2510
1100-2200
11.2-4000
20-610
73-2100
120-2000
8.8-810
0.04-13 a
NA
NA
3.8-1200
2.6-100
110-200
20-1620
249-405
45-120
400
10-400
20 a
12-9300
23-776

[1, 4, 51, 117-119]
[1, 51]
[1, 4, 51, 117, 118]
[51, 117, 118]
[1, 51, 117-119]
[1, 7, 51]
[51, 117-119]
[1, 117, 119]
[1, 120]
[4, 119]
[1, 4, 5, 117-119]
[1, 5]
[5, 51]
[51, 119, 121]
[1]
[1]
[1, 117]
[4, 117-119]
[4, 117, 119]
[4, 51, 118, 122]
[4, 5, 118]

NA
NA
NA

NA
NA
NA

NA
1.3-430
<20 a

[4]
[5, 123]
[51, 123]

5-100 a
17-102
5-3500

NA
NA
22

4.8-800
0.4-220
0.9-88

1.4-4.3

0.1-5.1

<5

<0.1-42

Cholesterol
17α-ethynyl estradiol
17α- estradiol

5-10000
0.1-831
0.15-74

NA
NA
0.7

NA
3-450
NA

17β- estradiol

0.1-500

0.4

<0.5-48

0.15-64

NA
0.7
1.6
<1-1.4
NA

<0.5-10
NA
NA
NA
NA

0.43-25
0.35-18
NA
1.3
0.1-4400

23 a
NA

NA
NA

Estriol
5-19
Estrone
0.5-112
Progesterone
1.6-199
Testosterone
2.2-214
Nonylphenol (NP)
6.7-500
Disinfection Byproducts (DBPs)
Trihalomethanes (THMs)
700
Halogenated furanones
NA
NA: not available; a Concentration in µg/L.

NA
190
340
NA
10.4
4000
9.7
6.5
NA
NA
1.4-410
NA
NA
2.8
NA
NA
560
1.4
9.9
NA
NA

STP effluent

14

15000
0.1-17
0.15-4.5

31 a
20-2380

[4, 124, 125]
[23, 118, 126, 127]
[23, 126, 128]
[1, 23, 119, 126,
128]
[4, 122]
[1, 4, 118, 124]
[4, 119, 124]
[4, 118, 119, 124,
126, 127]
[4, 118, 126, 127]
[4, 119, 124]
[4, 119]
[4, 118, 119, 127]
[4, 23, 122, 124]
[2, 123]
[2]
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Trace organic contaminants can affect the microbial population in aquatic ecosystems.
Antibiotics have the ability to inhibit the growth of bacteria in the aquatic environment,
especially in sediment where the antibiotic loading is high [13]. As a result, the
occurrence of antibiotic compounds even at trace levels has been linked to the
development antibacterial resistance of some pathogenic bacteria species [4]. In
addition, anti-inflammatory drugs including diclofenac, ibuprofen and naproxen have
the ability to decrease the growth rate of some free-floating aquatic plants, /plankton
and algae species [14]. Pesticides, such as atrazine are also toxic to phototrophic
microorganisms, demonstrating toxicity by disrupting photosynthesis in aquatic
ecosystems [129]. Furthermore, the mixture of some pharmaceutical contaminants such
as fluoxetine and clofibric acid could cause mortality and malformation of non-target
aquatic organism such as Daphnia magna [130].
2.4.2 Effects on human health and wildlife
The direct effects of TrOCs at environmentally relevant concentrations on human health
are still a subject of intense debate, although numerous studies have established a
potential connection between human diseases and the exposure to TrOCs [4, 15, 119,
131]. Some endocrine disrupting chemicals such as bisphenol A can be strongly
estrogenically active [132], and thus can have an effect on human breast cancer cells
[95]. These EDCs are an increasingly documented group of TrOCs in wastewater [131].
However, there has been no clear evidence to support a direct association between
exposure to these contaminants and increased risk of breast cancer [15]. Endocrine
disrupting chemicals may induce adverse health impacts, particularly during fetal,
neonatal, and childhood development even at low-levels [15]. However, there is not
enough scientific evidence to confirm if low level exposure to endocrine disrupting
contaminants can have a negative influence on human population [133]. There is a
possibility of gene transfer between soil bacteria and human intestinal bacteria in
humans and other animals [13]. At sufficiently high concentrations, adverse effects of
many TrOCs on wildlife have been widely documented. Some TrOCs such as
perfluorochemicals can accumulate or bio-magnify in mammals of the upper level in the
food chain. The occurrence of perfluorochemicals even at trace levels could cause
various health problems such as hepatotoxic, immunotoxic, neurotoxic, and behavioural
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effects on a range of animals [17]. Other contaminants such as pesticides, biphenyls and
alkylphenols can disrupt the normal reproductive pathways in animals [11]. Fry [16]
reported abnormalities in embryos and chicks of bald eagles, gulls, terns and cormorants
in several sites within the Great Lakes in US. The Great Lakes have been heavily
polluted with polychlorinated biphenyls and other organochlorine contaminants over the
last few decades. In a laboratory study, a reduction in the growth of combs and testes of
roosters that were exposed to 200 mg of bisphenol A was reported [134]. These birds
were also observed to be immature with smaller seminiferous tubuli and limited
spermatogenesis [134]. In another study on rodents, when 2 µg/L of bisphenol A were
fed to pregnant mice, a permanent increase in preputial glands size and a reduction in
the size of the epididymides in male young were reported [135]. There was a decrease in
sperm production at higher concentrations (20 µg/L) of bisphenol A [135]. If present in
sufficient dosages, many drug metabolites can damage even non-target organs beside
their accumulation in the target organs causing an unintended damage [7, 136].
Although the direct effects of TrOCs at environmentally relevant concentration (several
µg/L or less) on human beings have not been conclusively reported, there is sufficient
data to suggest that these contaminants must be removed during wastewater treatment
for better environmental protection [7, 8].
2.5

Membrane technology

2.5.1 High pressure membrane filtration
High pressure membrane filtration, including nanofiltration (NF) and reverse osmosis
(RO), has been widely used to remove a wide variety of organic pollutants (Table 2-3)
(see for example [31-35]). In a full scale study, Verliefde reported a high rejection
(>95%) of most TrOCs by the Triseps (X20 and ACM5) and Hydranautics (ESPA1 and
ESPA4) RO membranes [36]. An NF270 membrane was used and achieved a high rate
of rejection for charged pharmaceuticals, i.e., 99% for sulfamethoxazole and 96% for
ibuprofen, both of which were enhanced by charge repulsion [37]. Several pesticides
can be effectively rejected (>99%) by NF/RO membranes [38], but the rejection of
some uncharged and small molecular weight organic contaminants can be incomplete,
even with NF/RO membranes [39]. For instance, using four newly manufactured NF
and RO membranes, atrazine rejection was increased from 10.9 to 14.9%, and 68.4 to
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97.5% by using sulfonated polyethersulfone and poly(vinyl alcohol)/polyamide
membranes, respectively, whereas compared to atrazine [137], the rejection of diazinon
increased from 44.6 to 44.8% with sulfonated polyethersulfone membranes and 95.1 to
99.5% by poly(vinyl alcohol)/polyamide membranes.
A low rejection of some small molecular weight and uncharged TrOCs by NF/RO
membranes has been widely reported in the literature [39, 91, 138-141]. For example, at
extended stages of filtration there was poor rejection of chloroform and bromoform by
RO (e.g. TFC-HR and XLE) and NF membranes (e.g. NF-90 and TFC-SR2) [140].
Chloroform and bromoform are both neutral and have a molecular weight of 119.4 and
252.7 g/mol, respectively. The charge of the trace organic contaminant and that on the
membrane can play a significant role in the rejection of TrOCs. For example, rejection
of a charged compound by NF/RO membranes is usually higher than for a neutral
compound with the same molecular weight or size [140]. Since most pharmaceuticals
are negatively charged particularly at natural pH, a considerable number of these
compounds may be completely rejected by charge repulsion between the compound and
membrane charges [37]. Xu et al. [140] reported that highly negative surface charge
membranes such as the loose NF200 membrane, with a molecular weight cut-off
(MWCO) of 300 g/mol, could reject more than 89% of low molecular weight negatively
charged compounds such as ibuprofen. A high rejection of other pharmaceuticals such
as dichloroacetic acid (91%) and trichloroacetic acid (94%) was also achieved using the
ESNA (NF) and RO-XLE (RO) membranes [138].
The properties and operational parameters of the membrane play an important role in
the rejection of TrOCs by NF/RO membranes (Figure 2-1). These parameters may need
to be adjusted to achieve a high rejection of TrOCs and a better overall system
performance.
Membrane properties such as MWCO, the degree of desalting, roughness,
hydrophobicity, and surface charge can influence the rejection of trace organics. There
was a higher rejection of TrOCs with a higher molecular weight than the membrane
MWCO [36, 142]. For example, Kimura et al. [138] reported a 99% rejection of
bisphenol A using a low pressure RO membrane (RO-XLE), while only 50% was
rejected using a loose NF-270 membrane which has a much larger MWCO [141].
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Membranes with a high desalting degree are expected to effectively reject most TrOCs
such as pesticides, which showed the highest rejection with these membranes [91]. A
UTC60 aromatic polyamide membrane (which is an NF membrane) which has a low
NaCl rejection (55%), demonstrated a poor rejection of several trace organics such as
47% for bisphenol A and 5% for chloroform [31]. Moreover, a higher roughness
membrane is highly correlated with a lower rejection above all large organic
contaminants [91].
The hydrophobicity and charge of an active layer of the membrane can also affect the
rejection of various TrOCs [140]. The surface hydrophobicity of a membrane can be
determined by measuring the contact angle. The rejection of some organics could be
improved by increasing the hydrophilicity of the membrane because it reduces the
affinity between the neutral organic solute and the surface of the membrane [143].
Furthermore, the amount of charge in the surface of the membrane affects the degree of
electrostatic repulsion and rejection of negatively charged solutes that are subjected to
dynamic property changes during the membrane process [140]. For example, Bellona
and Drewes studied the rejection of negatively charged organic acids (2naphthalenesulfonic acid and 1,4-dinaphthalenesulfonic acid) by negatively charged NF
membranes (e.g. NF-90 and NF-200) [91]. According to their findings the rejection was
larger than expected based on steric exclusion, and was mainly driven by the surface
charge of the membrane and correlated with the degree of ionization of these
compounds [144].
Operational parameters such as feed solution pH, salinity, temperature, pressure, and
cross-flow velocity can influence the rejection of TrOCs by NF/RO membranes.
The feed solution pH can govern the speciation of ionisable TrOCs (and to a lesser
extent, the membrane surface charge) and thus their rejection. For instance, Bellona et
al. claimed that when using NF/RO at pH values between 3 and 9, more than 90% of
trace organics such as estrone can be rejected [91]. Sulfamethoxazole and ibuprofen are
also highly soluble at a high pH value (in the alkaline region) where the compounds are
negatively charged, but when the solution pH decreases, their solubility decreases
sharply [145]. Nghiem reported an almost complete rejection of sulfamethoxazole using
the NF-270 membrane at a pH above 8 [145].
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Feed solution salinity can cause the effective radius of a charged pore of the membranes
to increase as the ionic strength of the feed solution increases because this leads to a
decrease in the rejection of monovalent and divalent ions [23]. The removal ratio
depends on the concentration of salt because the presence of ions can affect the degree
of hydration of the membrane. For example, high removal efficiencies (>90%) were
achieved by an RO membrane for some antibiotics such as tetracycline, when the
salinity increased [146].
Temperature is another parameter that can affect the water flux and rejection of TrOCs
[139]. Increasing the feed temperature can lead to a change in the structure and
morphology of the polymer matrix, caused by an increase in the mean pore radius and
molecular weight cut-off [147]. An increase in the solubility of some TrOCs can be
caused by increasing the temperature of the surrounding solution [148].
Operating pressure and cross-flow velocity are important factors which can affect the
volume and quality of a product. An increase in the operating pressure can reduce the
shielding of negative charges on the surface of a membrane, which makes repulsion
more effective and enhances the rejection of negatively charged contaminants by
NF/RO membranes [149]. Also, the permeate flux increases with an increasing crossflow velocity over a range of operating conditions because increasing the cross-flow
velocity increases the flux and rejection of TrOCs due to a reduction in concentration
polarization [149, 150].
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Figure 2-1: Major parameters affecting the performance and production of most of
membranes.
The hydrophobicity of both contaminant and membrane can affect the rejection of
TrOCs by NF/RO membranes. Contaminants such as steroid hormones with a high
hydrophobicity (Log D >3.2), can adsorb onto the surface of the membrane due to
hydrophobic–hydrophobic interactions [40, 41]. Nghiem et al. [141] reported that the
rejection of natural hormones by the NF270 and NF90 membranes was lower than
expected based solely on a steric hindrance separation argument. They explained this
phenomenon by the adsorption of these hydrophobic compounds onto the surface of the
membrane followed by diffusion through its polymeric matrix [139].
Rejection of TrOCs by NF/RO membranes can also be affected by other factors such as
natural organic matter, ionic strength, and membrane fouling. In the presence of effluent
organic matter, rejection as high as 95% of ionic organics pharmaceutical and pesticides
by tight NF and RO membranes was possibly caused by a decrease in the membrane’s
negative charge [140]. Bellona et al. [91] attributed an increasing rejection of pesticides
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such as atrazine to adsorption by organic matter present in feed water, which in turn
increased the size of the molecule and its electro-static interaction with the membrane.
Ng et al. [41] reported that Colloidal fouling can cause a rapid decrease in the rejection
of the natural hormones progesterone and estradiol by NF/RO membranes. Ng et al.
verified that NF/RO membrane fouling by Colloidal had a small effect on the rejection
of large molecular weight compounds [41]. High ionic strength feed water could shield
the charge on the surface of the membrane and cause a negatively charged reduction
that could lead to a decrease in the rejection of negatively charged organics [91].
2.5.2 Trace organic contaminants removal by MBR
2.5.2.1 MBR technology
The membrane bioreactor (MBR) is the combination of a membrane filtration process
with a suspended growth bioreactor. MBR can be arranged in two configurations (e.g.
internal/submerged and external/side stream) (Figure 2-2). Microorganisms in the
bioreactor can transform organic molecules from large to small (more easily
biodegradable substances) by oxidation reactions in their aerobic processes. This can
occur by attacking chromophores and undegradable organic compounds [151] (Figure
2-3). Physical separation (using microfiltration or ultrafiltration membranes) of biomass
and suspended solids is an additional technique provided by MBR. Biological
degradation of wastewater contaminants with membrane filtration is integrated into
MBR technology, which leads to the effective removal of organic and inorganic
contaminants and biological material from municipal and/or industrial wastewater. An
MBR system has a potentially consistent performance with treating high strength and
fluctuating strength wastewater [86]. Consequently, MBR can supply high quality
effluent suitable for discharge or reuse [92, 152].
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Figure 2-2: Membrane bioreactor (MBR) configurations.
2.5.2.2 The advantages of MBR over CAS
An MBR system can produce steady effluent quality and a small plant footprint
compared to CAS because this system combines aeration and filtration, in addition to
clarification in a solitary process step (Figure 2-4) [57-59]. The quality and reliability of
MBR effluent can produce dischargeable and reusable effluent with no further treatment
[60]. Van Bentem et al. [153] verified that MBR produces better quality effluent
compared to CAS, or CAS with sand filtration. Their results demonstrated that MBR
completely removed suspended solids, while there was less suspended solids removed
(3-6 mg/L) by both CAS, with a higher biochemical oxygen demand (BOD) and
chemical oxygen demand (COD). Moreover, in a laboratory-scale study, Radjenovic´ et
al. [61] showed that 56% of human metabolite 40-hydroxydiclofenac (the major primary
diclofenac metabolite) was removed using MBR, as opposed to only 26% using the
CAS treatment. The same researchers that investigated the elimination of some
compounds that were opposed to CAS treatment because their results proved that
removal by MBR reached 40 % for mefenamic acid, indomethacin, and gemfibrozil,
which were not removed by CAS. Furthermore, the removal of some endocrine
disruptor chemicals such as nonylphenols (NP) and nonylphenol ethoxylates (NPEOs)
can be improved by using MBR, compared to removal using CAS treatment [51, 53].
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Figure 2-3: Biodegradation concept of some organics in MBR.
The MBR system has a notably smaller physical footprint than CAS which results in a
saving on space and the overall cost of the treatment plant (Figure 2-4). MBR systems
can be operated at a higher mixed liquor suspended solid (MLSS) content than CAS,
which in turn leads to the intensification of the treatment process and a smaller physical
footprint [55, 56]. Moreover, due to the absence of secondary clarifiers in MBR,
significant economics savings in both footprint and overall cost can be achieved [154].
MBR produces less sludge than CAS because the food to microorganism (F/M ratio) is
lower, which in turn leads to a better removal of organic and nutrient than the CAS [55,
155]. For example, under similar conditions of solids retention time (SRT) and organic
loading rate, the MBR produced 20 - 30% less sludge than the CAS system [156].
The MBR is easier to operate than the CAS because phase separation (sludge settling)
has been removed from the process and replaced by microfiltration and ultrafiltration
(MF/UF) filtration [157]. This improvement reduces any operator oversight required to
keep the system running efficiently. Furthermore, to achieve reusable quality water the
CAS would need to be followed by a tertiary filtration system, which adds additional
mechanical equipment, and the subsequent operating, maintenance, capital, and costs
[154]. By comparison, MBR technology does not require tertiary filtration or polymer
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additions which are essential in CAS, to meet reuse standards for suspended solids and
turbidity [158, 159]. This reduction in the number of unit processes improves the
reliability of the MBR system and also reduces the operating and maintenance of this
system.

Figure 2-4: Membrane bioreactor versus conventional activated sludge.
2.5.2.3 Removal of trace organic contaminants by MBR
2.5.2.3.1

Trace organic removal

The combination of biologically activated sludge and membrane filtration has made
MBR an acceptable and popular technology for treating many types of wastewaters,
particularly those that contain TrOCs (see for example [22, 51-54]). The efficient
removal of TrOCs during MBR treatment depends on the physicochemical properties of
the compounds and the operational parameters of the wastewater treatment plant (Figure
2-5). There is considerable variation in the efficient removal of TrOCs by MBR,
ranging from almost zero, (e.g. carbamazepine), to almost complete removal, for
compounds such as ibuprofen and bezafibrate (Table 2-3) [54, 88].
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Figure 2-5: The most important factors affecting the removal of TrOCs in the MBR process.

2.5.2.3.2

Effect of physiochemical properties

Physiochemical properties such as hydrophobicity, chemical structure, and compound
polarity are important factors affecting the removal of TrOCs in MBR systems. An
understanding of these factors can help develop the removal techniques of TrOCs by
MBR and would cause a better selection of subsequent complementary treatment
processes.
Hydrophobicity is a major factor affecting the sorption of TrOCs in water. Of the many
TrOCs that can occur in wastewater, some are highly hydrophobic and can be readily
removed by MBR treatment via bio-sorption. For example, around 80% of nonylphenol
was eliminated in a pilot scale MBR process treating landfill leachate [90]. This high
elimination rate can be attributed to the high hydrophobic nature of nonylphenol (log D
= 6.19 at pH 8) [110]. In a laboratory-scale study, the removal of hydrophobic
compounds (Log D >3.2) such as amitriptyline 17β-estradiol, androsterone, and
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simvastatin by MBR was mostly greater than 85% at pH 8 [54], however, in the same
study less than 20% removal of hydrophilic and moderately hydrophobic compounds
(Log D <3.2) such as carbamazepine was removed.
The chemical structure of the trace organic contaminant can affect its removal within
the treatment process in MBR. Compounds with simple chemical structures (e.g., the
absence of a branched alkyl chain) will be easy to degrade during treatment, whereas
compounds with complex structures or having toxic groups (e.g., halogens and nitro
group), degrade incompletely and have a higher resistance to biodegradation processes
[90]. For example, pharmaceuticals are often complex molecules with structures (e.g.
ketoprofen and naproxen) that are more resistant to degradation because the compound
is made up of two aromatic rings [90]. Tadkaew et al. [54] also investigated the
relationship between specific structural features of 40 TrOCs and their efficient removal
by MBR under stable operating conditions. In their study high removal efficiencies
(>85%) were achieved, with most compounds contaning electron donating functional
groups such as hydroxyl and primary amine groups, whereas only low removal
efficiency (<20%) was obtained for compounds possessing strong electron withdrawing
functional groups. In addition, even small molecules contaning chlorine groups, are
difficult to remove by MBR. Cirja et al. [90] stated there is a decrease in the degradation
rate of aromatic compounds when the number of nitro and chlorine groups increases.
The polarity of TrOCs is a major aspect in the removal mechanism, where highly polar
compounds can be eliminated by biodegradation even though the sorption process is
limited [55]. Wintgens et al. [160] examined the removal of some polar trace organics
such as nonylphenol and bisphenol A (BPA) using wastewater from a dumpsite
leacheate plant. The result showed that more than 90% of nonylphenol and bisphenol A
were eliminated through the MBR process. Nghiem et al. [88] expected a low removal
of polar or negatively charged trace organics by MBR due to the absence of their
adsorptive ability. Conversely, positively charged pharmaceutical compounds (e.g.
amitriptyline, clozapine, verapamil, risperidone, hydroxyzine) had the highest sorption
potential onto wastewater sludge solids compared to neutral and negatively charged
compounds [161].
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Table 2-3: Summary of some reported TrOCs removal efficiency by NF/RO, MBRs, and FO processes.
Contaminant

Application

Rejection by NF/RO (%)
NF
RO

Removal by MBR
(%)

Rejection by FO
(%)

Ref.

Pharmaceutical and personal care products (PPCP)
Sulfamethoxazole
Anti biotic
Trimethoprim
Anti biotic

13-99

94-99

52-80.8
47-90

52-99
91-95

Carbamazepine

Anticonvulsant

7-95

91

1.4->20

67-98

Fluoxetine
Diethyltoluamide (DEET)

4-66

92

98
-5.6, 0

76-86
42-47

17-86

90-98

40

80-97

[61, 72, 79, 140, 165]

Diclofenac

Anti depressant
Insect repellent
Lipid regulator and
statin
Anti-inflammatory

[37, 61, 78, 162-165]
[61, 78, 163, 166]
[54, 78, 79, 89, 164, 165, 167169]
[61, 78]
[78, 118, 165]

55

95

0-65.8

90->99

Ibuprofen

Anti-inflammatory

34-96

96

97->99, 98

60-98

Ketoprofen
Naproxen

Anti-inflammatory
Anti-inflammatory
beta-blocker/
antiarrhythmic
stimulant
Sunscreen agent

32
26

98
97

43.9-91.9
36-99.3

96-97
84-98

[61, 72, 140, 163, 170]
[37, 78, 79, 89, 118, 138, 140,
171]
[61, 79, 140, 162]
[72, 78, 79, 118, 140, 162]

65.5-76.7

95-97

[61, 78, 162]

87
100

99
41-50

49-95
55-76

[78, 79, 118, 165]
[78, 118, 165]

68-97

5-40
22

90-98
91
96
98
99

>90
>99.8
>90
<1
68.9-99

98-99
98-99
87-92
40-96

[80, 91, 165, 174]
[165, 168]
[80, 165, 174]
[79, 165, 175]
[79, 91, 138, 167, 170, 171, 176]

66, 73

98

[118, 169, 170]

Gemfibrozil

Atenolol

Caffeine
Oxybenzone
Pesticides
Atrazine
herbicide
Linuron
herbicide
Endocrine Disrupting Chemicals (EDCs)
Estrone (E1)
Hormone
Estriol (E3)
hormone
17β-estradiol
hormone
17∞-Ethinylestra-diol (EE2)
hormone
Bisphenol A (BPA)
plasticizer
Disinfection byproducts (DBPs)and formations
Triclosan
Antiseptic
Trihalomethane-formation potential
DBPs formation
(THMFP)

4-55
90-100

8-80
12-75
78
17-87
47-50
53-78

59–85

27

[89, 137, 172, 173]
[173]

[177]
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2.5.2.3.3

Effect of operating conditions

Different factors influencing the removal of TrOCs in MBR have been addressed to
some extent. The operating conditions can strongly affect the overall performance of
MBR, especially when removing TrOCs. Those that have already been investigated
include the sludge retention time (SRT), biomass concentration and morphology, pH,
temperature, and dissolved oxygen [90, 107, 178].
High SRT is desirable to give enough time for slow growing bacteria, and the
establishment of a more diverse biocoenosis to able to the degradation of a large number
of TrOCs. This can develop into the removal and degradation of these contaminants
from different sources of wastewater. For example, the affinity of bacterial enzymes for
TrOCs in activated sludge require some time to adapt and then influence the pollutant’s
transformation or decomposition [90, 179, 180]. Additionally, a quantity of TrOCs such
as ibuprofen, paracetamol, 17β-estradiol, and estrone are expected to be biologically
transformed by more than 90% at high SRT [174]. This long SRT enables a significant
amount of some organic contaminants to be degraded, even at higher volumetric loading
rates, and may not need any further disinfection [60]. In contrast, the removal of
pharmaceutical wastes decreases at a low SRT (<8 days) and increases as the sludge
ages (26 days) [90]. For a biological alteration of some pharmaceuticals, SRT 5-15 days
is required, and it offers a better elimination in MBR and an enhanced degradation [181,
182].
The biomass feature is an important factor for removing TrOCs in MBR. This is
particularly true, where there is a probability of adaptation and genetic mutation for
MBR microorganisms to increase the absorption of organic contaminants [90]. There is
superior sorption of TrOCs in MBR when the content of the mixed liquor suspended
solid (MLSS) is high and the sludge retention time is long, but this may lead to further
removal via biodegradation [108]. Weiss and Reemtsma reported that MBR intensifies
the biological treatment of wastewater, which can improve the degradation of TrOCs
[183]. High concentrations of biomass, such as 20 g/L in MBR, could produce a high
removal of nonylphenol ethoxylates (NPEOs) and other ionic and non-ionic surfactants,
but could not totally stop the discharge with effluents [166]. In addition, the surface and
structure of biological flocs in activated sludge can be significantly influenced by the
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operating conditions [58]. Radjenovi´c et al. [58] stated that a better removal of readily
biodegradable trace organics in MBR could be due to the sludge having a smaller size
flock which enhances mass transfer by diffusion and results in a high elimination of
these contaminants.
The removal of TrOCs in MBR sludge can easily be influenced by the acidity or
alkalinity value. The pH value can affect the solubility of present TrOCs in wastewater
and the physiology of bacterial culture [145]. For this reason the pH value can be a
critical parameter influencing the removal rate of TrOCs during MBR treatment. For
example, there was a high removal rate (up to 90%) for some pharmaceuticals at a pH
lower than 6, while only around 70% were removed through MBR when the pH
dropped below 5 [90]. Likewise, Tadkaew and others reported high removal of ionisable
trace organics (sulfamethoxazole, ibuprofen, ketoprofen, and diclofenac) by MBR at a
pH of 5, with a strong pH dependency [178]. The authors attributed this to the possible
speciation of these compounds, and that they can exist predominantly in their
hydrophobic form, causing a ready adsorption to the activated sludge.
Several researchers have stated that the higher removal rates of some TrOCs in MBR
can be achieved in warm condition (25 – 30 ºC) as oppose to cold condition [90, 107,
184, 185], because a higher temperature could increase the aqueous solubility which
causes the compound to be easily adsorbed [148]. Higher biodegradation and hence
contaminant removal are expected when the temperatures are increased in MBR [186].
Moreover, Cirja et al. [90] reported that once the temperature reached 17 ˚C the
elimination of some trace contaminants had increased, whereas removing 90% of these
contaminants can be reached by raising the temperature in an MBR to 20 ˚C. They also
reported that 80 to 100% removal of TrOCs can be achieved in the summer because of a
higher temperature. On the other hand, Tadkaew et al. [107] shown that temperature has
an insignificant

impact

on the efficient

removal of pharmaceuticals (e.g.

sulfamethoxazole and ibuprofen) and endocrine disrupting compounds (e.g. bisphenol
A, Estrone, 17β-estradiol) except for carbamazepine. An increase in the temperature of
the sludge (20 - 30 °C) significantly increased the removal rate of carbamazepine from
17.5 to 43% [107].
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In MBR, the high concentration of biomass requires aeration to supply oxygen for
biological organisms and prevent membrane fouling [59, 90]. Tadkaew et al. [107]
investigated the removal efficiencies of some trace organics such as naprofen,
diclofenac, and carbamazepine in a laboratory-scale MBR. They found there was no
improvement in the removal of these compounds after increasing the concentrations of
dissolved oxygen (DO). By contrast the removal of ibuprofen was significantly
enhanced (94%) at a DO concentration of 2 mg/L, but it then dropped to 58% when the
concentration of DO was increased to 5 mg/L at the same MBR.
2.5.3 Forward osmosis
2.5.3.1 The principal of forward osmosis
Osmosis is a natural process involving the movement of solvent (such as water)
molecules across a selectively permeable membrane. The difference in solute
concentration on both sides of the membrane is the main driving force for this process
(Figure 2-6). Water diffuses from a low concentration
concentration

solution to a higher

solution through the membrane [74, 187]. Consequently, the low

concentration solution becomes more concentrated and the high concentration solution
is diluted. The forward osmosis (FO) process will stop when there is no effective
osmotic pressure across the membrane.
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Figure 2-6: Forward osmosis process concept.
2.5.3.2 Membrane material
The material used for the membrane can play an important role in Forward osmosis
[62]. The FO membrane can be made from either synthetic or natural material. In the
very early stage of development, FO membranes were obtained from natural materials
such as animal bladders and intestines [98]. Several decades ago, membrane researchers
examined different types of membranes such as rubber, collodion (nitrocellulose), and
porcelain [85, 98, 188]. Although synthetic FO membranes are now commercially
available, the fabrication of synthetic FO membranes is still in its infancy. An ideal FO
membrane must be chemically stable, with a high water flux and low solute flux at the
same time [100]. Consequently, several researchers have focussed on fabricating FO
membranes that are able to perform well under a wide range of applications [66, 76,
100, 189-195].
Commercially available FO membranes are usually made from cellulose triacetate
(CTA) asymmetric materials [100, 190, 196]. For examples, Hydration Technologies
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Inc., (HTI) offers two different types of CTA membranes for FO applications namely
pouch and cartridge FO membranes. The former is used in their HydroPack, LifePack,
X-Pack, and SeaPack products (in the form of a membrane pouch) and the latter is used
in their Expedition and HydroWell products (which contain spiral-wound membrane
elements). In general, these membranes are hydrophilic and at basic or neutral pH, they
are slightly negatively charged [74, 197, 198]. As can be seen from their scanning
electron micrographs (Figure 2-7), these membranes consist of a thin dense active layer
supported by an internal polyester mesh (porous support layer) [100, 199]. The active
layer provides rejection capacity while the supporting layer provides mechanical
strength to the membrane in the same manner that can also be found in a typical RO
membrane [100]. However, the overall thickness of the current state of the art FO
membrane (around 50 µm) is considerably thinner than that of a typical RO membrane
(Figure 2-7) [76, 103].
2.5.3.3 The potential advantages of the FO process
The osmotically driven process is not driven by a hydraulic pressure and thus it has an
array of potential benefits as schematically demonstrated in Figure 2-8 [64]. If the draw
solute is readily available, the FO process requires significantly less energy
consumption than the RO process [64-66]. Recent research has also demonstrated the
use of the osmotically driven process for the generation of renewable energy in the form
of pressure retarded osmosis (PRO) where the osmotic potential of seawater can be
utilized to generate electricity [64, 67-69]. The FO process has a lower fouling
propensity in comparison to that of the RO process. As a result, simple techniques such
as rinsing (and thus increasing the shear force at the membrane surface) without using
chemical cleaning reagents can be adequate for fouling control [62-64]. Furthermore,
FO acts as a barrier to solute transport and represents an effective multiple approach
barriers to remove contaminants, and an FO membrane can effectively reject some
organic contaminants, depending on the feed composition and duration of treatment [7880]. In medical applications, FO also can be used to discharge drugs with low oral bioavailability (e.g. poor solubility) [64]. Several researchers have attempted to combine
FO with RO to achieve a very high removal of different contaminants [71, 73, 78, 80,
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81]. The food industry is a concentration process where the feed is not pressurised or
heated, while simultaneously maintaining the physical properties of the solute (e.g.
taste, color, and nutrition) without deteriorating its quality [64]. FO also has the ability
to reject high amounts of salts, for example, more than 97% for NaCl, which is better
than NF membranes (<85%) [37, 200-202]. A high water recovery with low fouling
propensity can be achieved by FO [64]. In conclusion, a range of advantages made FO a
potentially promising process for many applications and encouraged researchers to use
it as a single process [71, 77], or combine it with NF/RO membranes [70, 72, 85, 187],
membrane distillation (MD) [70, 198, 200], and bioreactors (MBRs) [63, 73, 81, 203]
for wastewater and seawater treatment.
2.5.3.4 Draw solution
The selection of draw solutions (DS) is important in the FO process [98, 103, 200, 201,
204, 205]. A good draw solute should generate a high osmotic pressure, have a low
permeation through the FO membrane, and at the same time be easily recovered by a
subsequent reconcentration process such as NF/RO filtration, membrane distillation,
heat decomposition, or precipitation [66, 85, 206]. Several types of draw solutions have
been investigated for FO applications (Table 2-4). Amongst them, MgCl2 and NaCl are
the most commonly used draw solutes given their high solubility in water and
availability. The high solubility of MgCl2 and NaCl means that it is relatively simple to
re-concentrate (for example using the RO process) without the risk of scaling [98].
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Figure 2-7: Cellulose triacetate (CTA) forward osmosis membrane: (a) Cartridge-type HTI flat sheet
(Yip et al. [76]); (b) Pouch-type HTI flat sheet (Wang et al. [207]).

Figure 2-8: Potential advantages of forward osmosis.
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Table 2-4: Summary of some previous and recent researches on FO membranes and draw solutions.
DS

DS conc.
(M)

Membrane

FS

Operation
temp.
(°C)

Osmotic
pressure
(bar)

Water flux
(L/m2h)

Ref.

NH4HCO3

4.0

CTA

0.5-4.0 M NaCl

5.0

~57-117

~2.8-11

[74]

NH4HCO3

2.5

CTA

0.6 M NaCl

27.0-50.0

107.1

1.9-2.0

[77]

NH4HCO3

-

FO-CA

-

50.0

-

0.13

[73]

NH4HCO3

1.5

TFC-FO

DI water

25.0 ±0.5

56.3

16.5-16.3

[76]

Mix.NH4HCO3 and
NH4OH

3.0

FO-CA

1.0 M NaCl

50.0

76

8.21

[201]

MgCl2

5.0

dual-layer
(PBI-PES/PVP)

DI water

23.0

-

24.2

[66]

MgCl2

5.0

dual-layer
(PBI-PES/PVP)

DI water

38.5

-

45.6

[66]

NaCl
NaCl

1.2
0.5-1.2

CTA
CTA

DI water
Activated sludge

22.0-70.0
23.0 ±1

-

10-16
9

[98]
[81]

NaCl

5

CTA

Mixture with 0.05 M NaCl

21.0 ±1

-

~15.5

[75]

NaCl

1.2-1.7

CTA

Synth. wastewater

25.0

-

0.9

[70]

NaCl
NaCl
NaCl

0.5
2.0
≥1.5

CTA
CTA
CTA

≥0.37 M NaC1
DI water
DI water

22.5 ±1.5
50.0
20.0-40.0

22.5
45
77

18.8
87.5
50-71.5

[73, 208]
[201]
[209]

NaCl

5.0

CTA

Synth. wastewater with
foulants

20.0

-

-

[101]

NaCl

0.5-4.5

CTA

Activated sludge

20.0 ±2

-

~6-13

[73]

NaCl

1.7

CTA

Soap and humidity
condensate

20.0-25.5

17.4

[102]
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Table 2-4: Summary of some previous and recent researches on FO membranes and draw solutions (continued).
DS

DS conc.
(M)

Membrane

FS

Operation
temp.
(°C)

Osmotic
pressure
(bar)

Water flux
(L/m2h)

Ref.

NaCl

1.5

TFC-FO

DI water

25.0 ±0.5

75.1

16.8-19.5

[76]

Dextrose

3.0

CTA

Synth. wastewater with
foulants

20.0

-

-

[101]

LaCl3

2.5

CTA

Mixture with 0.05 M NaCl

21.0 ±1

~15.5-11.5

[75]

KNO3/SO2

-

FO-CA

-

-

-

-

[73]

Al2SO4

-

CA

-

20.0

-

-

[73]

fructose

4.0

CTA

0.5 M NaCl

50.0

~29-108

0.15-1.85

[73, 74]

Glucose

4.0

CTA

1.0 M NaCl

50.0

~50-170

0.2-1.65

[73, 74]

Sucrose

2.0

CTA

~0.3 M sucrose

25.0-30.0

98.5

25

[98, 210]

SO2

-

cellulose

-

20.0

-

-

[73]

Alcohols, SO2

-

-

-

20.0

-

-

[73]

Al2SO4

-

CA

-

20.0

-

-

[73]

ZnSO4

0.5-2.5

CTA

20.0 ±2

-

~2.7-5

[73]

Synthetic seawater

1.2

CTA

Activated sludge
DI water and secondary
effluent

19.0 ±0.1

48.36

8-8.5

[71, 72]

Synthetic sea salt

~ 0.5-1.0

CTA

Synth. solutions

25.0

-

-

[78]

Raw centrate

-

CTA

25.0-70.0

-

10-16.5

[197]

NaCl

1.7

CTA

DI water
Soap and humidity
condensate

20.0-25.5

-

17.4

[102]
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2.5.3.5 FO performance
2.5.3.5.1

Water flux

Performance of the FO process can be evaluated based on the permeate water flux and the
passage of solutes in the forward and reverse direction. The water flux can be determined
by calculating the change in the volume of the DS reservoir (weight of permeated water)
during FO experiments. In the FO process, the water flux ( J w ) is directly related to the
membrane permeability coefficient ( Aw ) and the osmotic pressure driving force (Δ). In
the absence of any salt passage and external concentration polarisation, this relationship can
be shown by the following Equation [197]:

J w  Aw  

(Equation 1)

The water flux ( J w ) can also be determined from the volume increase the draw solution side
(permeated water), and is given by:
Jw 

V
A.t

(Equation 2)

where A is the active area of the membrane and V with t are the differences in volume
and time respectively.
The occurrence of concentration polarisation (CP) on both sides of the membrane is the
major interference to permeate water flux performance because CP can decrease the
effective osmotic driving force causing an overall reduction in flux in the FO process [204].
This has encouraged many researchers to study the CP effect on water flux, a topic which
will be described in detail in the next section [195, 208, 209, 211].
2.5.3.6 Factors affecting water flux
The permeation of water across the FO membrane can be affected by the properties of the
membrane and the characteristics of the feed and draw solutions. These parameters include
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osmotic pressure, temperature, size or molecular weight (MW) of the solute, membrane
orientation, membrane fouling. The intricate relationship amongst these parameters is
schematically illustrated in Figure 2-9. The relationship between osmotic pressure
difference between the draw and feed solutions and the permeate flux has been described in
Equation 1 above. The influence of other parameters on the flux is discussed below.
Temperature can exert a significant effect on the permeate water flux. In general, the
permeate flux increases as the temperature increases [73, 77, 209]. This is because of the
decrease in the viscosity of water and ion activities of the draw solutes [210]. Additionally,
thermal expansion of active layer of the membrane could also be a reason for an increase in
the permeate flux with increasing temperature [147]. McCutcheon and Elimelech [209]
hypothesized that increasing the temperature would increase water flux due to the decrease
of water viscosity. This in turn increases the diffusion rate of water through the membrane
causing an increasing in water permeability coefficient. For example, Garcia-Castello et al.
[210] reported an increase in water flux such as 10% when increasing the temperature from
20 to 30 ºC using a cellulose acetate FO membrane with 2 and 4 M NaCl as a draw
solution.
The diffusivity of the draw solute can affect the water flux of the FO membrane since
solutes with a low diffusivity can create a higher osmotic pressure [208]. Low stated that
solutes with a larger molecular weight tended to produce less flux than solutes with a
smaller molecular weight in the presence of the internal concentration polarisation (ICP)
phenomenon even though the osmotic pressure was the same [77]. The ICP phenomenon is
discussed further in a later section.
The orientation of the membrane has been shown to have a significant impact on permeate
flux [208]. The selection of the orientation is influenced by the composition of the feed
solution and the concentration of the draw solute [199]. The flux is lower when the active
layer faces the feed solution in the FO mode than when the active layer faces the draw
solution in the PRO mode when all other experimental conditions are the same [73]. This
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can be attributed to the concentrative and dilutive concentration polarisation phenomena
previously described by McCutcheon and Elimelech [209].

Figure 2-9: Relationship between water flux and the factors which may affect most FO
process such as, (a) osmotic pressure, temperature, molecular size (MW), membrane
fouling, and concentration polarization (CP), and (b) membrane orientation (and normalised
water flux).
The osmotically driven process has a lesser membrane fouling propensity than the pressure
driven counterpart and when fouling does occur, it is readily reversible [62, 81, 82, 98, 101,
170, 205]. Mi and Elimelech studied the decline in flux after the onset of the extend
alginate fouling in an FO membrane process [62]. Their results showed that membrane
fouling is almost fully reversible by simple physical cleaning, and the ﬂux recovery in the
FO mode (at DS of 4 M NaCl) is much higher than that in the RO mode (at 28 bars). Mi
and Elimelech stated that the higher flux recovery in FO mode may be attributed to the less
compaction stemming from the lack of hydraulic pressure [62]. The fouling layer in a FO
process can easily be removed without the use of chemical cleaning reagents by simply
rinsing with water (shear force) or backwashing (Figure 2-10) [62-64, 81]. In an osmotic
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bioreactor (OMBR) experiment, the decline in water flux was mainly caused by the
membrane fouling, while the reverse salt transport inside the bioreactor had a slight effect
on water flux [73, 81]. However, osmotic backwashing was able to recover about 90% of
the initial water flux after one week of operation [81].

Figure 2-10: Cleaning process of fouled FO and RO membranes.
Other phenomena such as the presence of concentration polarisation (CP), which is one of
the major drawbacks of the FO process, may also cause in a reduction of the flux,
especially at moderate and high flux [204, 212]. Concentration polarisation has a direct
influence on the water flux in FO because water fluxes can be achieved by a minimum
internal concentration and polarisation, and an FO membrane with a high salt rejection
[204, 205]. This has encouraged many researchers to study this phenomenon either
externally or through the FO membrane, to improve the overall performance of this process
[195, 208, 209, 211]. For example, Tang et al. [212] investigated the effects of ICP and
fouling on the flux behaviour of FO during the filtration of humic acids. The results show
that there was a reduction in flux under fouling conditions in the PRO mode due to pore
clogging and reduced membrane permeability due to the enhanced ICP effect, especially at
higher flux levels while the stability in the flux for FO mode was related to the more severe
initial level of ICP [212].
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Permeate flow across the FO membrane can be inhibited as a result of an increase in
osmotic pressure at the surface of the active layer of the membrane [209]. This
phenomenon is called external concentration polarisation (ECP) because it occurs outside
the membrane. It depends entirely on a balance between the hydrodynamics of the FO
module and fluxes through the membrane [73, 209]. This type of polarisation takes place at
the surface of the active layer of the membrane and is assumed to similarly affect the mass
transfer of any FO process (Figure 2-11) [73]. On the feed side when the solution comes
across the membrane and the solute is rejected, the active layer on the feed side is
concentrated causing a lower flux (known as concentrative ECP) [204, 213].
Simultaneously, at the opposite side of the FO feed side, the concentration of DS is diluted
causing dilutive ECP.
There is another concentration polarisation (CP) phenomenon called internal concentration
polarisation (ICP) which occurs in the support layer (backing layer) of the FO membrane.
Consequently, a reduction in osmotic pressure will occur in the active layer which will
subsequently reduce the water flux across the FO membrane. When the draw solution is in
contact with the support layer, ICP can significantly affect the permeate flux [68, 77].
During forward osmosis, the two types of ICP (dilutive and concentrated) can occur and are
probably more important than the external CP phenomenon [73]. The effects of dilutive and
concentrative ICP on the FO process have been explained by Gary et al. [208] (Figure 212).
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Figure 2-11: The concentration polarisation zone during forward osmosis [71, 74, 98].
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Figure 2-12: Illustration of (a) dilutive internal concentration polarisation (DICP) and
(b) concentrative internal concentration polarisation (CICP) by Gary et al. [208].
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2.5.3.7 Reverse salt flux
In the FO process, the draw solute may diffuse across the membrane towards the feed (low
concentration) side, in the opposite direction to the water flux. In the absence of charge
repulsion and when the draw solute is sufficiently smaller than the membrane pores, this
reverse flux can be marked [208, 214]. The salt flux ( J s ) is defined as:
Js 

  (CV )
A.t

(Equation 3)

where C is the concentration of salt and V is the volume of the feed at the end of the
experiment [66]. The concentration and types of the draw solute has a significant effect on
the behaviour of the reverse flux [66, 209]. The reverse salt flux usually increases with an
increase in the concentration of the DS.
2.5.3.8 Removal of trace organic contaminants by FO
Several advanced treatment technologies including NF/RO, MBR, UV/AOP, and carbon
adsorption can be very effective for the removal of a wide range of trace organics, however,
they tend to be energy intensive and therefore can be expensive [5, 37, 78, 108, 173, 184,
210, 215-217]. This is why an alternative treatment with less energy consumption, such as
the FO process can also have a role to play in water and wastewater treatment. Several
studies have investigated the efficiency of FO in applications such as drinking water
production [71, 72], seawater desalination [66, 79], and wastewater treatment [70, 73, 81,
82]. Nevertheless, only a few studies have focused on the rejection of trace organics using
the FO process.
The fate and transport of TrOCs during FO treatment has not been fully understood. Only a
few investigations relating to the rejection of trace organics by FO membranes have been
reported to date (Table 2-3). A recent study Hancock et al. [78] investigating the rejection
of TrOCs by forward osmosis shows that the rejection of TrOCs depended primarily on the
size and charge of the trace organic molecules, and ranged between 40 and 98%. In their
study, charged compounds such as amitriptyline, atenolol, diphenhydramine, ﬂuoexetine,
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sulfamethoxazole, trimethoprim, diclofenac, ibuprofen, naproxen were rejected at level of
more than 80%. On the other hand, the rejection of non-ionic compounds such as
benzophenone,

caffeine,

carbamazepine,

DEET,

diazepam,

dilantin,

bisphenol

hydrocodone, oxybenzone, primidone, bisphenol A, methylparaben, triclosan, triclocarban,
TCEP was highly variable between 40 and 90%. With the exception of TCEP, non-ionic
rejection by an FO membrane appeared to be governed by steric hinderance and the
rejection tends to increase with increasing molecular weight [78]. Valladares Linares et al.
[79] investigated the rejection of 13 trace organic contaminant by a cleaned and fouled FO
membrane, using water from the Red Sea as the DS, and reported that membrane fouling
may have some impact on the rejection of trace organic by FO. Their results are also
consistent to those reported previously by Hancock et al. [78]. Rejection of hydrophilic
ionic contaminants such as ibuprofen, naproxen, fenoprofen, gemfibrozil and ketoprofen
was from 92.9 to 98.6%. By contrast, rejection of neutral compounds (e.g. caffeine, 1,4dioxane, acetaminophen, metronidazole, phenazone, bisphenol A) varied significantly from
40 to 95.2%. An increased rejection by 2 to 6% was achieved by a fouled FO membrane
under the same conditions, for hydrophilic ionic and neutral hydrophobic contaminants.
This higher rejection by a fouled membrane may be attributed to the higher membrane
hydrophobicity (generated by the fouling layer) and higher negatively charged of the
membrane surface (which could cause a higher molecular weight cut-off). Xie et al. [170]
reported that, based on the pore transport model, rejection of TrOCs by the HTI FO
membrane is expected to be higher than that of a typical NF membrane. The rejection of
EDCs such as estrone and 17α-estradiol natural hormones by FO membranes were
investigated by Cartinella et al. [80]. Their findings showed that when using different NaCl
concentrations as the DS, an FO membrane can reject from 77 to 99%, depending on
composition of the feed and duration of the experiment.
2.5.3.8.1

Osmotic membrane bioreactor

An osmotic membrane bioreactor (OMBR) is the combination of FO in conjunction with an
MBR. OMBR is supposed to be a more compact system than conventional MBR systems
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due to it being a better product with a low fouling tendency (Figure 2-13) [73, 83]. The
OMBR process has the potential to become a sustainable alternative to conventional
membrane processes [84]. Cornelissen et al. [73] attributed the superior water quality after
OMBR to the existence of a barrier against the organic contaminants and natural organic
matter (NOM) by the FO membrane, in addition to the intrinsic high removal efficiency of
MBR. They stated that an RO system after OMBR can be operated with higher fluxes
because all the bivalent ions have been removed in the OMBR. Furthermore, the FO
membranes used in the OMBR are less susceptible to fouling by activated sludge solutions
than the UF/MF membranes used in conventional membrane bioreactors [73, 81]. However,
increasing of some salt concentration in a bioreactor can change the microbial community
due to salinity selection [84].

Figure 2-13: Schematic diagram of the OMBR.
The OMBR process is still in its early stages of development so there are limited studies on
how efficiently it can remove contaminants, apart from which the fouling and cleaning
behaviour of OMBR remains largely unknown. Lay et al. [84] elucidated the importance of
the combination of high rejection membrane separation with a biological treatment to
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conduct high retention membrane bioreactors (HRMBR). They claimed that this type of
process can produce high quality product water with high removal of smaller size organic
contaminants, although HRMBRs did face an accumulation of salt in the bioreactor, which
may have an negative impact on the operation conditions. The build-up of salt can only be
alleviated by biomass wasting [84]. Cornelissen et al. [73] investigated the water flux
behaviour and fouling propensity of a bench-scale study OMBR over a short time (7-8 h).
Fresh activated sludge was used as feed for the process, while 0.5 M NaCl (π = 24.3 bars)
was used as draw solutions on the other side. The results demonstrated a water flux rate of
5.8 L/m2h for FO mode [73]. However, membrane fouling was not observed during the
short duration of this study, which may not long enough for fouling to occur. A similar
pilot OMBR has explored the effects of draw solution on membrane flux and air scouring
on the tendency for fouling [218]. In this study domestic sewage was fed to the sludge, with
NaCl/MgSO4 as a draw solution in the other side. The values of the water flux were
osmotic pressure dependent, as 3 and 7.2 L/m2 h at 5 and 22.6 bars, respectively. At an
osmotic pressure of 5 and 22.6 bars, an insignificant decline in flux occurred between 190 h
and 150 h respectively, and the decline happened at 22.6 bars when air scouring was
provided after 150 h [218]. Additionally, a submerged FO membrane module inside a
bioreactor conducted by Achilli et al. [81] to investigate the long term water fluxes and
membrane fouling at MLSS of 5.5 g/L. The results showed a lower water flux by only 18%
in OMBR, which was mostly due to membrane fouling, when compared to experiments
using double de-ionized water as a feed. During an OMBR experiment Achilli et al. [81]
used 50 g/L of NaCl as a draw solution which, with continuous reconcentration with an RO
system, agonist 14 L of sludge fed by synthetic feed solution for 28 days. The average
water flux during the OMBR experiment was approximately 9 L/m2 h with removal
efficiencies of more than 99 and 98% for total organic carbon and ammonium-nitrogen
(NH4+-N), respectively [81]. The fouling layer of the FO membrane was not severe and can
be controlled through the weekly osmotic backwash to restore the water flux to
approximately 90% of the initial rate.
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A recent study conducted by Zhang et al. [85] used three different FO membrane modules
to investigate the water and reverse salt fluxes in the OMBR process. The OMBR system
was coupled with a two-pass NF system for the draw solute (Na2SO4) reconcentration and
produced a final product. The results confirm that a hybrid OMBR-NF has the ability to
achieve more than 99.6 and 95% of total organic carbon (TOC) removal after both NF
passes, respectively. High quality final permeate was also obtained with total dissolved
solids (TDS) and a conductivity of less than 275 mg/L and 297 μs/cm, respectively [85].
2.6

Other advanced treatment processes

2.6.1 Activated carbon adsorption
The removal of trace organic contaminated by activated carbon is highly variable as has
been reported (see for example [18-21]). Snyder et al. [22] conducted a comprehensive
study on the removal of a range of PPCPs and EDCs by activated carbon adsorption and
reported variable removal of the PPCPs investigated in their study from 17% for ibuprofen
to up to 95% for pyrene at 5 mg/L powdered activated carbon. These results are consistent
with a study by Bolong et al. [23] who reported 40 to 60% removal of several PPCPs
including ibuprofen, meprobamate and sulfamethoxazole by activated carbon adsorption.
Snyder indicated that 5 mg/L of powdered activated carbon could remove more than 90%
of EDCs after 4 hours contact time. On the other hand, Fuerhacker et al. [19] reported that
the removal of 17β-estradiol using granular activated carbon was in the range of 49-81%
after 1-3 hours of contact time. Esplugas et al. [49] also reported that from 60 to 99% of
17β-estradiol and 17α-ethynylestradiol can be removed using activated carbon. Pesticides
such as atrazine can be removed effectively by 90% using powdered activated carbon at 2
hours of contact time in laboratory-scale experiments [24, 25]. High removal rates of
disinfection by-products (for example 90% for trihalomethanes by activated carbon from
wastewater) were achieved using an activated carbon dose of 500 mg/L [26]. In a pilotscale study in the USA, a potential reduction of 50% of trihalomethanes formation was
reported using a dose of 100 mg/L of powdered activated carbon [26].
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The removal rate of TrOCs by activated carbon depends on their physiochemical
proprieties such as charge and hydrophobicity. The removal efficiency of positively
charged compounds using activated carbon is usually higher than those for negatively
charged compounds [28]. Interestingly, when the granular activated carbon was fed with
permeate of the NF system, very high removal efficiency such as >97% was observed for
pharmaceuticals, irrespective of charges [219]. The adsorption of charged contaminants can
be strongly affected by the solution pH and the presence of natural organic matter in the
water matrix [29, 30]. Additionally, hydrophobicity can play an important role in the
removal efficiency of such TrOCs by activated carbon. Snyder et al. [22] reported that
greater hydrophilic compounds can reach to breakthrough faster than hydrophobic
compounds. Nguyen et al. [27] reported hydrophilic and recalcitrant compounds such as
fenoprop, ketoprofen, naproxen, diclofenac, and carbamazepine were not effectively
removed by an MBR treatment, however, they were removed by 98% by granular activated
carbon adsorption. Nguyen et al. attributed the high removal to mechanisms other than
hydrophobicity interactions (such as ion exchange, hydrogen bonding and surface
complexation) which can also play a role in the sorption of hydrophilic compounds onto
granular activated carbon [27]. Conversely, compounds with higher hydrophobicity such as
nonylphenol (log D = 6.19) may not always show higher removal efficiency by activated
carbon compared with less hydrophobic chemicals such as carbamazepine (log D = 2.67)
[27, 28, 220].
The presence of background organic matter in water can affect the absorption rate of TrOCs
by activated carbon. Up to 8-12 mg/L of background organic matter can be found even in
clean ground waters which may reduce the surface affinity in activated carbon to organic
contaminants [221]. Jarvie et al. [222] stated that background organic matter with low
molecular weight might occupy the portion of smaller pores (>1 nm) in granular activated
carbon. Matsui et al. [20] reported that only 50% of synthetic organic chemicals can be
removed in the presence of background natural organic matter. The removal efficiency of
atrazine by activated carbon was shown to be strongly affected by the presence of natural
organic matter and the adsorption decreased by 65% due to competition with background
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organic matter [223]. Additionally, because of the high competition between background
organic matter and TrOCs for adsorption sites in activated carbon, a significant decrease in
the adsorption capacity for these contaminants can occur in the presence of background
organic matter [216, 224]. For example, the adsorption of pesticides such as simazine and
atrazine are strongly influenced by the presence of background organic matter with low
molecular weight [222].
Natural organic matter (NOM) can cause partial or complete pore blockage near the pore
entrance in activated carbon particle [224], which can influence the adsorption and
desorption of trace organic components [224, 225]. Pre-loading of the background organic
matter to activated carbon can reduce the desorption kinetics of different TrOCs (such as
the pharmaceuticals erythromycin and diclofenac, the EDC bisphenol A and the pesticide
dichlorophenoxyacetic acid) [215]. For example, 50% reduction in the removal of
pharmaceuticals by granular activated carbon was observed after the pre-loading of the
background organic matter which was attributed to the high hydrophobicity of natural
organic matter [28].
2.6.2 Advanced oxidation processes
Advanced oxidation processes (AOPs) have been used to remove organic pollutants from
reclaimed effluent and ground water [42]. Numerous studies in the literature have
demonstrated the effectiveness as well as limitation of AOPs for the removal of TrOCs
from wastewater [43-47]. For example, oxidation using ozone can reach from 92% to
complete removal of many pharmaceutical and pesticides such as ofloxacin,
sulfamethosxazole, propranolol, carbamazepine, clofibric acid, diclofenac, atrazine and
diuron [45, 47, 48]. Although only around 50% or less of other pharmaceutical and
personal care products (ibuprofen, naproxen, caffeine, iodinated X-ray contrast medium,
and tonalide) can be oxidized using the same process [45]. Additionally, UV treatment
alone could lead to 75, 13, and 7% constant removal of diclofenac, iopromide, and
sulfamethoxazole, respectively [226]. Complete removal of several pharmaceuticals such as
ofloxacin, sulfamethosxazole, propranolol, carbamazepine, clofibric acid and diclofenac
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was achieved using the combination of hydrogen peroxide and UV radiation (H2O2/UV)
[47]. Although only 30-40% of ibuprofen, diphenhydramine, phenazone, and phenytoin can
be removed using H2O2/UV [227]. Furthermore, the Fenton process has also been used to
treat TrOCs from wastewater, particularly from hospitals and pharmaceutical manufacturers
[46]. For example, using the Fenton Process at 5.1 mg/L of Fe+2 with a concentration of 10
mg/L H2O2 can cause 75% removal of pesticides such as atrazine and 94% removal of
some phenylureaherbicides from ground water [49]. Additionally, electrochemical
oxidation using a TiO2 anode has been shown to oxidise 80% of pharmaceutical
compounds present (ofloxacin, sulfamethosxazole, propranolol, carbamazepine, clofibric
acid and diclofenac) [46, 47]. In addition, the use of electrochemical oxidation and ferrate
(iron(VI) and iron(V)) processes to remove endocrine disrupting chemicals demonstrated
high elimination such as 95% for estrone, 17β-estradiol and bisphenol A [50].
Approximately 50% of trihalomethanes disinfection byproducts concentration can be
removed from wastewater using UV-radiation with 400 mg/L TiO2 [228].
2.7

Conclusions

This chapter reviewed the issue of TrOCs in wastewater and highlighted their potentially
adverse impact on human health and the environment if they are not adequately removed
during water treatment. The chapter also described a range of advanced treatment
technologies capable of removing these trace organic compounds with a specific focus on
NF/RO filtration, MBR, FO, and OMBR. A variety of trace organics, their occurrences,
health effects and perspective in their removal by these systems have been summarized.
This literature review demonstrated the removal of TrOCs by NF/RO membranes and MBR
treatment could be governed by their physicochemical characteristics. Hydrophobic and
small organic trace contaminants may not be effectively removed by NF/RO membranes.
On the other hand, they tend to be well removed by MBR treatment. Therefore, it is
hypothesized here that the combination of MBR treatment and NF/RO filtration could
effectively remove a wider range of TrOCs. This hypothesis has not been validated in the
literature and will be systematically examined in Chapter 4 of this thesis.
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In this chapter, there was a specific emphasis on the emerging FO process, which can
potentially be a major platform for next generation water and wastewater treatment
technologies. It was highlighted here that the removal of TrOCs by the FO process
remained poorly understood. In addition, there have been very few studies on the novel
osmotic MBRs and none of them have investigated the removal of TrOCs
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CHAPTER 3: MATERIALS AND METHODS
3.1

Introduction

In this chapter describes the materials, experimental systems, analytical techniques, and
experimental protocols used in this study. Physicochemical properties of the selected
TrOCs investigated here are also described in this chapter. Further information regarding
materials and methods may also given in subsequent chapters as necessary.
3.2

Model wastewater

3.2.1 MBR-NF/RO wastewater
Synthetic wastewater was used in this study to simulate municipal sewage. This
composition was modified from a high strength wastewater used in a previous study by
Tadkaew et al. and Zhang et al. [178, 229]. The concentrated synthetic wastewater was
prepared and stored in a refrigerator at 4 ºC. It was then diluted with MilliQ water on a
daily basis to make up a feed solution containing glucose (400 mg/L), peptone (75 mg/L),
KH2PO4 (17.5 mg/L), MgSO4 (17.5 mg/L), FeSO4 (10 mg/L), and sodium acetate (225
mg/L). Then, the mixture of TrOCs was added to the feed solution of MBR to achieve a
constant concentration of approximately 2 μg/L of each selected component.
3.2.2 FO wastewater
In the forward osmosis experiments, a solution containing the mixture of TrOCs was
introduced into Milli-Q water to form the model of synthetic solution. In every experiment,
the feed solution was prepared daily to avoid compounds settling and to be sure of getting
the correct concentration of TrOCs. This concentrated mixture of TrOCs was added to 4 L
of MilliQ water to make wastewater at a final concentration of 750 ng/L before it was used
as a feed solution for the FO process.
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3.2.3 OMBR wastewater
A similar synthetic wastewater from a previous MBR composition was used for the OMBR
study. This composition consisted of glucose (400 mg/L), peptone (100 mg/L), urea (35
mg/L), KH2PO4 (17.5 mg/L), MgSO4 (17.5 mg/L), FeSO4 (10 mg/L) and sodium acetate
(225 mg/L). Urea was added at this stage to get a similar total nitrogen (TN) value for the
raw wastewater. This composition was modified from a high strength wastewater used in a
previous study by Tadkaew et al. [178]. The TrOCs was added to the OMBR feed solution
at a concentration of approximately 750 ng/L of each compound.
3.3

Membranes and membrane modules

3.3.1 Ultrafiltration membrane modules for the MBR system
Two ultrafiltration membrane modules (ZeeWeed-1) kindly donated by Zenon
Environmental (GE Power & Water) were used in this project. Each membrane had a
nominal pore size of 0.04 µm and membrane surface area of 0.047 m2 (Table 3-1). A
negative pressure provided by the pump induced a flow of water from outside to the inside
of the membrane fibre pipes. To prevent fouling, filtered air was supplied to a built-in
diffuser in the membrane module. The membranes were taken out of the reactor and
cleaned when the transmembrane pressure reached 45 kPa. Tap water was used to remove
the cake and then the membrane was placed in a commercial bleach solution at a
concentration of 1% for 1 hour. The membranes were then rinsed and backwashed for 5
minutes by DI water before returning them to the reactor.
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Table 3-1: Specification of UF membrane module [107].
Parameter

Value

Membrane configuration

Integral immersed module

Membrane surface characteristics

Hydrophilic

Membrane charge

Non-ionic

Nominal pore diameter

0.04 µm

Outside diameter of fibre

2 mm

Module dimension

Length = 17.5 Diameter = 5.8

Operating trans-membrane pressure

0.07 to 0.55 bar

Operating pH range

5-9

Permeate flow range

5 to 25 mL/min

3.3.2 Nanofiltration and reverse osmosis (NF/RO) membranes
Two NF membranes (NF270 and NF90) and two RO membranes (BW30 and ESPA2) were
used in this investigation. The first three membranes were supplied by Dow FilmTec
(Minneapolis, MN, USA) while the ESPA2 was supplied by Nitto Denko (Oceanside, CA,
USA). These membranes were received as flat sheet samples and were stored dry. All these
membranes consisted of a thin aromatic (or semi-aromatic) polyamide active layer and a
thicker, more porous supporting layer, but their exact polymeric make-ups are unknown.
The physicochemical properties of these membranes are presented in Table 3-2. Based on
their estimated pore size, the NF270 membrane could be classified as a loose nanofiltration
membrane while the NF90 could be classified as a tight nano-filtration membrane. The two
reverse osmosis membranes (BW30 and ESPA2) can be assumed to have no clearly defined
pore structure. Indeed, as can be seen in Table 3-2, sodium rejection was in the order as the
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classified pore diameter: NF270<NF90<BW30~ESPA2. It was noted that the BW30 and
ESPA2 membranes have been used quite widely for water recycling applications.
Table 3-2: Properties of the selected NF/RO membranes.
Average pore

Na rejection b

MWCO c

Surface

diameter a (nm)

(%)

(g/mol)

roughness (nm)

NF270

0.84

45.0

200-300

4.1

NF90

0.68

85.0

~ 200

63.9

BW30

na

97.7

~ 100

62.3

ESPA2

na

96.5

~ 100

30.0

Membrane

a

Ref: [141].

b

Feed solution contained 20mM NaCl and 1mM CaCl2 (pH 8).

c

Provided by the manufacturers.
3.3.3 Forward osmosis (FO) membrane
An FO membrane supplied by Hydration Technology Innovations (Albany, Oregon, USA)
was used in this study. As described by McCutcheon et al. [201], it is an asymmetric
cellulose acetate membrane, with a thin polyester mesh embedded within the porous
supporting layer to provide mechanical strength. The dense cellulose acetate top layer is
wholly responsible for solute separation and the membrane can be used in two different
modes, namely FO and PRO. In FO mode, the dense (skin) layer of the membrane faces the
feed solution, whereas in PRO mode, the porous layer of the membrane faces the feed
solution.
3.4

Laboratory-scale set-ups

Four different laboratory-scale systems were used in this thesis work. They include an
MBR, a cross-flow NF/RO filtration, a FO, and an OMBR system. The MBR and NF/RO
systems were integrated together to form a hybrid MBR-NF/RO system.
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3.4.1 Laboratory-scale membrane bioreactor (MBR)
A laboratory-scale MBR system consisting of a glass reactor with an active volume of 9 L,
a continuous mixer, two air pumps, a pressure sensor, and influent and effluent pumps
(Figure 3-1) was used in this study. Two ZeeWeed-1 (ZW-1) submerged hollow fibre
ultrafiltration membrane modules were employed. A magnetic air pump (Heilea, model
ACO 012) with a maximum air flow rate of 150 L/min was used to aerate the MBR system
via a diffuser located at the bottom of the reactor. The concentration of dissolved oxygen in
the reactor was monitored daily and kept constant at 2 ± 1 mg/L by controlling the aeration
flow rate. Another small air pump was also used to provide a constant air flow through the
membrane module to reduce fouling. The transmembrane pressure was continuously
monitored using a high resolution pressure sensor (±0.1 kPa) connected to a personal
computer for data recording. A Neslab RTE 7 equipped with a stainless steel heat
exchanging coil was maintained at a constant temperature inside the reactor. A personal
computer also operated the permeate peristaltic pump on a 14 minute suction and 1 minute
rest cycle to provide time for the membrane modules to relax. The flow rate of the influent
pump was matched to the permeate pump to maintain a constant reactor volume. The
continuous mixer ensured a homogeneous mixing of the liquor and prevented the biomass
from settling.
3.4.2 Pressure driven membrane filtration system
A laboratory-scale, cross-flow membrane filtration system with a stainless steel cross-flow
cell was constructed for this study (Figure 3-2). The cell had an effective membrane area of
40 cm2 (4 cm x 10 cm) and a channel height of 2 mm. The system was equipped with a
Hydra-Cell pump (Wanner Engineering Inc., Minneapolis, MN). The temperature of the
test solution was kept constant using a Neslab RTE 7 chiller/heater equipped with a
stainless steel heat exchanger coil that was submerged directly into a stainless steel
reservoir. The permeate flow was measured by a digital flow meter (Optiflow 1000, Agilent
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Technologies, Palo Alto, CA) connected to a personal computer, and the cross-flow rate
was monitored using a rotameter.
3.4.3 Osmotically driven membrane system
Experiments were conducted using a laboratory-scale FO system consisting of a membrane
cell, circulation pumps, a conductivity control device, and a temperature control unit
(Figure 3-3). The membrane cell could hold a flat sheet membrane under moderate pressure
gradients without any physical support. The flow channels were engraved in each of the
two Plexiglass blocks that made up the feed and draw solution semi-cells. Each channel
was 0.2 cm deep, 10.5 cm wide and 15.5 cm long. The total active membrane area for mass
transfer was 162 cm2. Two gear pumps (Model 120/IEC71-B14, Micropump Inc.,
Vancouver, WA, USA) were used to circulate feed and draw solution from their respective
reservoirs through the membrane cell and back to the reservoirs. Analytical grade sodium
chloride (NaCl) was used as the draw solute.

.
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Figure 3-1: Schematic diagram and photograph of the laboratory-scale membrane
bioreactor set-up.
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Figure 3-2: Schematic diagram and photograph of the laboratory-scale pressure driven
membrane filtration system.
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The feed solution was circulated from a 5 L glass reservoir through the feed membrane
semi-cell and back to the reservoir, while 1.2 L of the draw solution was circulated from a
another glass reservoir (5 L) through the other semi-cell and back to the reservoir. The
overflow from the draw solution reservoir from water permeating through the FO
membrane was weighed continuously on an electronic balance (PB32002-S, Mettler Toledo
Inc., Hightstown, NJ). Weight changes were recorded by a personal computer which was
connected to the electronic balance to calculate the permeate water flux. The conductivity
of the draw solution was continuously measured using a conductivity probe with a cell
constant of 1 cm-1 (ColeeParmer, Vernon Hills, Illinois). The conductivity device would
activate a peristaltic pump to transfer a concentrated draw solution (6 M NaCl) to the
reservoir once the conductivity fell below the set point, thus maintaining a constant
concentration of the NaCl draw solute. The concentrated draw solution reservoir was also
placed on the balance to account for the transfer of concentrated draw solution to the draw
solution reservoir. The temperatures of the feed and draw solutions were kept constant
throughout the experiment using a temperature control unit (Neslab RTE 7, Thermo Fisher
Scientific, Waltham, MA, USA) equipped with a stainless steel heat-exchanging coil,
which was submerged in the feed and draw solution reservoirs.
3.4.4 Osmotic bioreactor (OMBR) set-up
During the osmotic membrane bioreactor experiment, the feed solution reservoir in the FO
set-up (Figure 3-3) was modified into a biological reactor. An air pump (Heilea, model
ACO 012) was used to supply oxygen to the mixed liquor solution via a diffuser located at
the bottom of the reactor. A peristaltic pump was used to circulate the feed solution (mixed
with sludge) instead of the gear pump mentioned above to avoid any grinding of the
activated sludge (Figure 3-4). An overflow flask with 1.2 L capacity was added to the DS
loop (instead 5 L of glass reservoir). The overflow of this reservoir (from water permeating
through the FO membrane) was collected by another 5 L glass reservoir, which placed on
an electronic balance as shown in FO set-up (Section 3.2.3).
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Figure 3-3: Schematic diagram and photograph of the laboratory-scale osmotically driven
membrane system.
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Figure 3-4: Schematic diagram and photograph of the osmotic bioreactor set-up.
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3.5

Experimental protocols

3.5.1 Hybrid MBR-NF/RO system
3.5.1.1 Membrane bioreactor experimental protocol
Synthetic wastewater was used in this study to simulate municipal sewage. The
concentrated synthetic wastewater was prepared and stored in a refrigerator at 4 oC, and
then diluted with MilliQ water on a daily basis to make up the feed solution (synthetic
wastewater). The reactor was seeded with activated sludge from the Wollongong sewage
treatment plant. After the initial start up phas of 2 months, a small amount of sludge was
regularly extracted from the reactor to maintain the age of the sludge at approximately 70
days. The hydraulic retention time (HRT) was set at 24 hours, corresponding to a permeate
flux of 4.3 L/m2 h (or 6.7 mL/min) (Table 3-6). The dissolved oxygen was maintained
around 2 mg/L in the membrane tank to avoid an anaerobic zone and to supply sufficiently
oxygen for microorganism activities. The temperature of the bioreactor was kept constant
at 20.0±0.1oC, and the performance of the MBR system with regard to basic water quality
parameters was then monitored for an extended period of more than 6 months.
Once the operation was stabilised, TrOCs were continuously introduced into the feed
solution to achieve a consistent concentration of approximately 2 μg/L of each selected
chemical. A chemical analysis of the influent samples confirmed the accuracy and
consistency of this dosing process throughout the duration of the experiment. The feed
solution was kept in a stainless steel reservoir at an air conditioned room temperature
(20±2oC). The effluent collected was kept in the dark at -4 oC and was used for subsequent
NF/RO experiments within less than 48 hours. The removal efficiency was calculated as

 C Eff
R  100  1 
 C
Inf



 , where CInf and CEff were influent and effluent concentrations (ng/L)



of the trace organic compound, respectively. It is noteworthy that complete degradation of
an organic compound may follow different pathways and undergo several steps. Therefore,
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the term removal here does not necessarily indicate complete degradation of the TrOC, but
rather a loss of the specific trace chemical molecule, either by a chemical change or
sorption to solid surfaces.
3.5.1.2 Pressure driven membrane filtration experimental protocol
Prior to each pressure driven filtration experiment, the membrane was compacted using
Milli-Q water for approximately 16 hours until there was no further variation in the
permeate flux. The compacting pressures were 12, 18, and 22 bars for the NF, RO, and the
FO membrane, respectively. Trace organic pollutants were introduced to the feed reservoir
to make up 750 ng/L of each compound. The volume of the feed solution was 10 L. The
cross-flow velocity flux was adjusted to 30.4 cm/s. The feed reservoir temperature was kept
constant at 20  0.1 oC throughout the experiment. Both permeate and concentrate were
recirculated back to the feed reservoir. Permeate and feed samples of 500 mL were
collected after 1 hour and 25 hours of filtration and were immediately extracted by SPE for
analysis. The rejection is defined as R = 100/(1  CP/CF ), where CP and CF are the permeate
and the feed concentrations, respectively.
3.5.2 Osmotically driven membrane experimental protocol
Before undertaking the experiments, TrOCs were spiked into a reservoir containing 4 litres
of Milli-Q water to make up a concentration of 750 ng/L of each compound. The
conductivity and pH in both sides were checked and measured using an Orion 4-Star Plus
pH/conductivity meter. The cross-flow velocity of both sides of the membrane was
maintained constant at 9 cm/s. The temperatures of the feed and draw solutions were kept
constant throughout the experiment at 22.5 ±0.5. Samples (500 mL) of the feed and draw
solution were taken for analysis at the beginning and when 2 litres of permeate has been
transferred into the draw solution (corresponding to 50% recovery).
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Since the permeate sample was diluted with the initial draw solution, the dilution factor
(DF) was calculated to back calculate the concentration of TrOCs in the actual permeate
sample. The dilution factor is defined as:

DF 

V f , DS

Equation 4

VP

Where Vf,DS is the final volume of the draw solution and Vp is the volume of the permeated
water. Subsequently, the rejection of trace organics in the FO process can be calculated as:

 DF  C f , DS 
R(%)  1 
  100
C
F0



Equation 5

where Cf,DS is the final concentration of the trace organics in the draw solution, C F0 is the
initial concentration of the trace organics in the feed solution, and DF is the dilution factor
defined in Eq. 1 above.
3.5.3 Osmotic bioreactor experimental protocol
As mentioned in section 3.2.4, the feed solution reservoir for the FO process was modified
in a biological reactor during the osmotic membrane bioreactor (OMBR) experiment
(Figure 3-4). Five litres of fresh sludge were circulated from a 5 L glass reservoir through
the feed membrane semi-cell and back to the reservoir. The concentration of dissolved
oxygen within the reactor was maintained at 2 mg/L. To avoid any grinding on the
activated sludge, a peristaltic pump was used to circulate the feed solution.
Activated sludge was obtained from a pilot membrane bioreactor system, which had been
continuously used to treat wastewater containing a set of TrOCs [54], similar to that used in
this study for over three years. The activated sludge was centrifuged, reconstituted with
Milli-Q water, centrifuged again, and finally reconstituted with the synthetic wastewater to
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make a mixed liquor solution (MLSS = 3.4 g/L) for the OMBR experiment (Table 3-3).
The OMBR was operated continuously and the reactor was refilled with the synthetic
wastewater on a daily basis.
The feed solution contained each trace organic contaminant at a concentration of
approximately 750 ng/L. Feed and permeate samples of 500 mL each were collected at the
end of the experiment after seven days of continuous operation and were immediately
subjected to solid phase extraction. Before calculating the removal of trace organics by
OMBR, the concentration of the trace organics in the draw solution (DS) must be adjusted
as the dilution effect (Section 3.8.2). The temperature of the mixed liquor was maintained
at 22.5 ±0.1 ºC. The initial pH and conductivity of the mixed liquor were 7.4 and 268.3
µS/cm (corresponding to approximately 2.5 mM of NaCl), respectively.

Table 3-3: Major parameters of OMBR system.
Sludge
Parameter

Draw Solution (DS)
Range

Parameter

Range

MLSS

~ 3.4 g/L

Type

DO

2.0 mg/L

Concentrated salt 6.0 M NaCl

Cross-flow

2.0 cm/s

Cross-flow

velocity

2.0 M NaCl

2.0 cm/s

velocity

Temp.

22.5 ±1 oC

TrOC conc.

750 ng/L

22.5 ±1 oC

Temp.
-
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3.6

Membrane characterization techniques

3.6.1 Determination of membrane active layer transport properties
The intrinsic water permeability coefficient (often called the “A value”) and salt
permeability coefficient (often called the “B value”) of the membranes were characterized
using the cross-flow filtration system described in Section 3.2.2, according to a procedure
described elsewhere [192, 230]. First, the permeation rate of Milli-Q water was normalized
by the membrane area to obtain the pure water flux Jw. The A value was then determined by
dividing the water flux by the applied pressure (ΔP):

A

Jw
P

Equation 6

To obtain the B value, 2,000 mg/L of NaCl were introduced to the feed solution. The B
value of NaCl was determined after correcting for concentration polarization using the thinfilm theory [230]:
 Jw 



 1  R    k
B  Jw
e
 R 

Equation 7

where k is the mass transfer coefficient for the channel of the RO cross-flow filtration
system. R is the observed rejection as defined in Section 3.8.1.2, and Jw is the pure water
flux.
3.6.2 Contact angle measurement
Contact angle measurement of the membrane surfaces was conducted using a Ramé-Hart
Goniometer (Model 250, Ramé-Hart, Netcong, NJ) following the standard sessile drop
method. Milli-Q water was used as the reference solvent. The membranes were air dried
prior to the measurement. At least 5 droplets were applied onto duplicate membrane
samples and the contact angle was measured on both sides of the droplet.
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3.6.3 Zeta potential measurement
The surface streaming potential of the membrane was measured using a SurPASS
Electrokinetic Analyzer (Anton Paar GmbH, Graz, Austria) in a 1 mM KCl background
solution. The Fairbrother–Mastin method was used to calculate the zeta potential from the
measured streaming potential, which was performed at 500 mbar and at room temperature
(25 ± 1 ºC). The zeta potential of each membrane sample was measured four times, by
repeatedly reversing the direction of electrolyte ﬂow at each pH value. Instrument error
counted for less that 0.5 mV of the measurement at any given pH value. Analytical grade
potassium hydroxide and hydrochloric acid were used to adjust the pH by means of
automatic titration.
3.7

Model trace organic contaminants

A set of fifty one compounds were selected for this study to represent four major trace
organic groups of concern in water reuse applications – namely pharmaceutically active
compounds, steroid hormones, industrial compounds, and pesticides. The choice of
compound was also based on their widespread occurrence in domestic sewage and their
diverse physicochemical properties (e.g. ionisable versus non-ionisable, hydrophobicity and
molecular size). The key physicochemical properties and structure of these trace
components are shown in Tables 3-4 to 3-6. They had molecular weights between 138.1
g/mol (salicylic acid) and 454.6 g/mol (verapamil). The intrinsic hydrophobicity of these
compounds varied significantly, as was reflected by the values of their octanol-water
partitioning coefficient (Log Kow). Because these groups possess a number of different
functional groups, many of these compounds are ionisable at an environmental pH. Given
the presence of ionisable functional groups in some of these compounds, log D (which is
the effective log Kow at a given pH) appears to be a better hydrophobicity indicator than log
Kow [231, 232]. As can be seen in Tables 3-3 to 3-5, at both pH 6 and 8 (which is typical to
that in MBR or a secondary treated effluent) log D values of the selected compounds
spanned over a very wide spectrum. The most hydrophilic compound was methotrexate
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with log D at pH 6 and 8 of -4.28 and -5.17 respectively, whiles the most hydrophobic
compound was nonylphenol with log D at pH 6 and 8 of 6.19. All of the selected trace
organic compounds were purchased as analytical grade standards. A cocktail stock solution
was prepared in pure acetonitrile. This stock solution was kept in a freezer at -18 oC and
was either used or discarded in less than one month.
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Table 3-4: Summary of relevant physiochemical properties of selected pharmaceutical and personal care products (PPCP).
CAS no.

MW
(g/mol)

Log
Kow a

Log D a
at pH 6

Salicylic acid

69-72-7

138.12

2.01

-1.06

-1.13

-1.14

3.01

C7H6O3

Paracetamol

103-90-2

151.16

0.47

0.48

0.47

0.47

9.86;
1.72

C8H9NO2

Polyparaben

94-13-3

180.2

2.9

2.9

2.88

2.7

8.23

C10H12O3

Caffeine

58-08-2

194.19

-0.63

-0.63

-0.63

-0.63

0.52

C8H10N4O2

Ibuprofen

15687-27-1

206.28

3.5

1.91

0.94

0.14

4.41

C13H18O2

Compound

Log D a Log D a
at pH 7 at pH 8
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Primidone

125-33-7

218.25

0.83

0.83

0.83

0.83

12.26;
-1.07

C12H14N2O2

Meprobamate

57-53-4

218.25

0.7

0.7

0.7

0.7

13.09;
-1.09

C9H18N2O4

22204-53-1

230.26

2.88

1.69

0.73

-0.18

4.84

298-46-4

236.27

1.89

1.89

1.89

1.89

13.94;
-0.49

25812-30-0

250.33

4.3

3.03

2.07

1.18

4.75

C15H22O3

57-41-0

252.27

1.42

1.42

1.41

1.29

8.28;
-2.81

C15H12N2O2

Naproxen

Carbamazpine

Gemfibrozil

Dilantin
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Triamterene

396-01-0

253.26

1.162

0.52

1.03

1.15

6.28

C12H11N7

Sulfamethoxazole

723-46-6

253.28

0.66

0.43

-0.22

-0.96

5.81;
1.39

C10H11N3O3S

Ketoprofen

22071-15-4

254.28

2.91

1.14

0.19

-0.55

4.23

C16H14O3

Atenolol

29122-68-7

266.34

0.33

-2.63

-2.09

-1.2

13.88;
9.43

50-48-6

277.4

4.41

1.75

2.28

3.21

9.18

C20H23N

3380-34-5

289.54

5.34

5.34

5.28

4.93

7.8

C12H7Cl3O2

Amitriptyline

Triclosan
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Trimethoprim

738-70-5

290.32

0.59

-0.48

0.27

0.55

7.04

C14H18N4O3

Diclofenac

15307-86-5

296.15

4.55

2.72

1.77

1.06

4.18;
-2.26

C14H11Cl2NO2

Fluoxetine

54910-89-3

309.33

3.93

0.88

1.15

1.91

10.05

C17H18F3NO

Triclocarban

101-20-2

315.58

6.07

6.07

6.07

6.07

12.77;
-0.34

C13H9Cl3N2O

Clozapine

5786-21-0

326.82

3.94

2.17

3.23

3.8

7.33
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Omeprazole

73590-58-6

345.42

2.36

2.34

2.35

2.33

8.78;
4.72

C17H19N3O3S

Hydroxyzine

68-88-2

374.9

2.32

1.56

2.15

2.3

14.41;
6.62

C21H27ClN2O2

Enalapril

75847-73-3

376.45

3.25

0.6

-0.14

-0.45

3.15;
5.43

C20H28N2O5

Risperidone

106266-06-2

410.48

2.68

0.6

1.53

2.31

8.07

C23H27FN4O2

Simvastatin

79902-63-9

418.57

4.72

4.72

4.72

4.72

13.49

C25H38O5
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Simvastatin
hydroxy acid

121009-77-6

436.58

4.53

2.74

1.79

1.07

4.31

C25 H40O6

Methotrexate

59-05-2

454.44

-0.45

-4.28

-4.98

-5.17

3.47;
5.56

C20H22N8O5

Verapamil

52-53-9

454.6

4.02

1.29

2.08

3.01

8.97

C27H38N2O4

a

Reference source: SciFinder Scholar, data calculated using Advanced Chemistry Development (ACD/Labs) Software V8.14 for Solar is (1994–2007
ACD/Labs).
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Table 3-5: Summary of relevant physiochemical properties of selected pesticides, industrial and endocrine disrupting chemicals.
CAS no.

MW
(g/mol)

Log
Kow a

Log D a
at pH 6

Phenylphenol

90-43-7

170.2

3.29

3.29

3.29

3.29

10.0

C12H10O

DEET

134-62-3

191.27

2.42

2.42

2.42

2.42

-1.37

C12H17NO

Simazine

122-34-9

201.66

2.28

2.28

2.28

2.28

2.71

C7H12ClN5

Atrazine

1912-24-9

215.68

2.64

2.64

2.64

2.64

2.27

C8H14ClN5

Compound

Log D a Log D a
at pH 7 at pH 8

pKa a

Formula

Pesticides
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Diuron

330-54-1

233.09

2.68

2.68

2.68

2.68

13.55;
-1.09

C9H10Cl2N2O

Linuron

330-55-2

249.09

3.12

3.12

3.12

3.12

12.13;
-1.04

C9H10Cl2N2O2

Pentachlorophenol

87-86-5

266.34

5.11

3.78

2.85

2.19

4.68

C6HCl5O

Diazinon

333-41-5

304.35

3.77

3.77

3.77

3.77

1.21

C12H21N2O3PS

Chlorpyrifos

2921-88-2

350.59

5

5

5

5

-5.28

C9H11Cl3NO3PS

a

Reference source: SciFinder Scholar, data calculated using Advanced Chemistry Development (ACD/Labs) Software V8.14 for Solaris (1994–2007
ACD/Labs).
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Table 3-6: Summary of relevant physiochemical properties of selected pesticides, industrial and endocrine disrupting chemicals.
CAS no.

MW
(g/mol)

Log
Kow a

Log D a
at pH 6

t-octylphenol

140-66-9

206.32

5.18

5.18

5.18

5.18

10.15

C14H22O

Nonylphenol

104-40-5

220.35

6.14

6.14

6.14

6.14

10.15

C15H24O

Bisphenol A

80-05-7

228.29

3.64

3.64

3.64

3.64

10.29

C15H16O2

Estrone

53-16-7

270.37

3.62

3.62

3.62

3.62

10.25

C18H22O2

Compound

Log D a Log D a
at pH 7 at pH 8
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17β-estradiol

50-28-2

272.38

4.14

4.15

4.15

4.14

10.27

C18H24O2

17α-estradiol

57-91-0

272.38

4.14

4.15

4.15

4.15

4.14;
10.27

C18H24O2

Androstenedione

63-05-8

286.41

2.72

2.72

2.72

2.72

-

C19H26O2

Estriol

50-27-1

288.38

2.53

2.53

2.53

2.53

10.25

C18H24O3

Testosterone

58-22-0

288.42

3.18

3.18

3.18

3.18

15.06

C19H28O2
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Etiocholanolone

53-42-9

290.44

3.93

3.93

3.93

3.93

15.14

C19H30O2

Androsterone

53-41-8

290.44

3.93

3.93

3.93

3.93

15.14

C19H30O2

17αethynylestradiol

57-63-6

296.4

4.11

4.11

4.11

4.1

10.24

C20H24O2

a

Reference source: SciFinder Scholar, data calculated using Advanced Chemistry Development (ACD/Labs) Software V8.14 for Solaris (1994–2007
ACD/Labs).
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3.8

Analytical techniques

3.8.1 Analysis of basic water parameters
The temperature, conductivity and pH were measured using an Orion 4-Star Plus
pH/conductivity meter in all experiments. In MBR and OMBR, the turbidity of the influent
and effluent was measured with a turbidimeter (HACH 2100A) in the following ranges
between <0.1 and 2000 NTU within an accuracy of 2% full scale. Dissolved oxygen (DO)
was monitored continuously with a DO meter (YSI model 59, USA) and the air flow rate
was adjusted manually by setting the value of the input air. Total organic carbon (TOC)
and total nitrogen (TN) were analysed using a Shimadzu TOC/TN-VCSH analyser. TOC
analysis was conducted in a non-purging organic carbon (NPOC) mode. Samples were kept
at 4 °C until analysed and then calibrations were performed between 0 and 1000 mg/L and
0 to 100 mg/L for TOC and TN, respectively. The MLSS and MVLSS contents in the MBR
and OMBR reactors were measured in accordance with the standard methods for the
examination of water and wastewater [233]. Three replicates of MLSS samples were taken
for a measurement and then calculated as per following Equation:

MLSS(g/L) 

( A  B)  1000
Sample volume (mL)

Equation 8

where A = weight of filter + dried residue, mg, and B = weight of filter, mg
3.8.2 Sludge strength and characteristics
The sludge volume index (SVI) was used in OMBR experiments to measure and monitor
the settling characteristics of activated sludge and other biological transformations. SIV
measurements were performed in osmosis bioreactor experiments according to the
published methods [234, 235], to determine the 30 min settled sludge volume, which was
calculated as:
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SVI 

settled sludge volume (mL) 1000
suspended solids (mg/L)

Equation 9

250 mL of well mixed sludge was placed in a 250 mL glass measuring cylinder for 30 min
and then the settled volume of sludge was recorded for SVI calculation.
The specific oxygen uptake rate (SOUR) provided information on how fast the biomass were
degrading, growing, and metabolising the available substrate in OMBR experiments. This
test shows the rate of oxygen used by the biomass in the activated sludge system, to indicate
the substrate or biochemical oxygen demand (BOD) consumption. The characteristics of the
biomass or raw wastewater can be calculated from previous information. The oxygen uptake
rate (OUR) can be measured using a DO meter for 15 minutes and then calculated from the
slope of O2 consumption within 15 min. [236]. Subsequently, by applying the OUR rate in
the following Equation the SOUR can be defined:

SOUR (mg/g)/h 

OUR (mg/L)
MLVSS (g/L)

Equation 10

where the SOUR is the milligram of oxygen consumed per gram of volatile suspended solids
(VSS) per hour.
3.8.3 Trace organic component analysis
Analysis of the TrOCs was based on a previously developed method [54]. In summary,
target compounds were extracted using hydrophilic/lipophilic balance solid phase
extraction (SPE) cartridges (Waters, Milford, MA, USA). All samples were spiked with a
solution containing 50 ng of an isotopically labeled version of each analyte to account for
any variation in recovery that may occur during the sample preparation process. Loaded
cartridges were eluted with 5 mL of methanol followed by 5 mL of 1/9 (v/v)
methanol/MTBE into centrifuge tubes (Figure 3-5). The resulting extracts were
concentrated using vacuum assisted evaporation to approximately 100 L. The extracts
were brought to a final volume of 1 mL with methanol.
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Target compounds were separated using an Agilent 1200 series high performance liquid
chromatography (HPLC) system (Palo Alto, CA, USA) equipped with a 150 mm x 4.6 mm,
5-m particle size, Luna C18 (2) column (Phenomenex, Torrance CA, USA). Analysis was
conducted in both electrospray ionization (ESI) and atmospheric pressure chemical
ionization (APCI) modes. A binary gradient consisting of 5 mM ammonium acetate in
water (A) and 100% methanol (B) at a flow rate of 800 L/min was used for TrOC analysis
during ESI mode. For TrOC analysis using APCI, a binary gradient consisting of water (A)
and 0.1% formic acid in methanol (B) at a flow rate of 500 L/min was used. An injection
volume of 10 L was used. Mass spectrometry was performed using an API 4000 triple
quadrupole mass spectrometer (Applied Biosystems, Foster City, CA, USA) equipped with
a turbo-V ion source employed in both positive and negative electro-spray modes. For each
target compound and internal standard, a precursor ion and two product ions were
monitored for reliable confirmation. Relative retention times of the analyte and isotopically
labeled internal standards were also monitored to ensure correct identification. The
detection limit of quantification of the 40 compounds selected was in the range from 5 to
20 ng/L.
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5 mL
MTBE

5 mL
5 mL
Methanol DI water

Step
1-3:
Pre-condition
the cartridges

Step
1

Step
2

Step
3

50 ng
Surrogate

Step
4:
Preparing
the sample

Step5:
Sample
extractions

Water samples

Vacuum manifold

then rinse with
5 mL DI water

(15 mL/min)

Water samples

Vacuumed
wastewater
container

Vacuum pump

Step 6:
Sample
drying

Nitrogen
gas

30 min

Stored @ 4 ºC
In sealed bags

Figure 3-5: The steps of sample extraction by solid phase extraction (SPE) method.
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CHAPTER 4:
4.1

THE COMBINATION OF MBR AND NF/RO PROCESS FOR
TRACE ORGANICS REMOVAL

Introduction

The occurrence of TrOCs in treated and untreated domestic wastewater has been identified
as a significant environmental health concern [237]. Although most of these contaminants
remain unregulated, there is a growing consensus among the scientific community and
water authorities that their optimised removal during wastewater treatment is a justifiably
prudent approach to environmental protection. Recent trends towards indirect potable water
reuse in many metropolitan and arid areas around the world provide further impetus for the
effective treatment of trace chemical contaminants. Reclaimed effluent is an increasingly
important alternative resource to secure the supply of potable water, which is currently
under stress in many parts of the world [238, 239]. However, it is well established that
conventional water and wastewater treatment processes are not adequate for the effective
removal of many TrOCs [237]. In a typical indirect potable water recycling scheme,
domestic wastewater is first treated to a secondary effluent standard in a conventional
wastewater treatment plant [240]. The effluent is then further purified with an array of
advanced treatment processes including microfiltration, reverse osmosis (RO) or
nanofiltration (NF), and UV disinfection or advanced oxidation [240].
Recent developments in membrane bioreactor (MBR) systems have led to the availability
of these systems as an alternative to conventional activated sludge (CAS) treatment
processes. Indeed, MBR technology has been widely touted as the next generation of
wastewater treatment processes [241-244]. In comparison to CAS, MBR appear to be more
robust with a much smaller footprint and improved effluent quality [241]. The high effluent
qualities enable well operated MBR systems to meet some of the most stringent discharge
standards and also enhance their prospective employment as a key barrier for chemical
contaminants in indirect potable water reuse projects [242]. Evidence has emerged that
MBR technology can offer an enhanced removal efficiency for moderately biodegradable
and hydrophobic trace organics in comparison to CAS treatment [55]. MBR systems
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usually operate at a much higher mixed liquor suspended solids (MLSS) concentration than
that of CAS reactors [241]. During MBR treatment, hydrophobic TrOCs can adsorb to the
MLSS, resulting in a longer actual retention time in the bioreactor, hence leading to
enhanced removal efficiency. There have been several studies showing improved removal
efficiencies of ionisable trace organics at low pH by MBR treatment, when these
compounds exist in neutral and hydrophobic forms, compared to higher pH when they are
negatively charged and therefore cannot adsorb to the MLSS in the reactors [178, 245].
NF and RO membranes are increasingly used to produce high quality water from non
traditional sources such as brackish or seawater and secondary treated effluent. Numerous
previous studies have demonstrated the excellent capability of NF/RO to remove a large
range of TrOCs [95, 246-252]. These studies have also revealed a considerable degree of
complexity associated with the separation processes involved. As a consequence, various
parameters such as membrane properties, solution chemistry, and physicochemical
properties of the TrOCs can substantially alter the removal efficiency of these solutes by
NF/RO membranes [41, 91, 139, 141, 253-256]. The separation of TrOCs by NF/RO
processes is based primarily on size exclusion [91]. In the case of charged trace organic
compounds, electrostatic interactions between the charged solute and the negatively
charged membrane surface can also play a major role [91]. Furthermore, it has been
demonstrated that hydrophobic trace organics can adsorb to membrane surfaces and
subsequently may diffuse through RO and particularly NF membranes, resulting in lower
rejections than would be expected based solely on size exclusion mechanisms [141].
Given the complementary treatment capacity of MBR and NF/RO membrane filtration,
there is a significant scope for the coupling of these two treatment processes to achieve an
overall enhanced performance [92, 257-260]. Qin et al. [257] reported an MBR-RO pilot
study for the reclamation of domestic sewage in Singapore, demonstrating a consistently
high treated water quality with respect to several basic water quality parameters such as
TOC, NO3-, and NH4+. In addition, the authors reported a stable RO permeate flux over an
operating period of approximately 5 months. Similarly, Jacob et al. [260] reported that the
deployment of MBR prior to RO filtration could reduce the fouling of the RO membrane.
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Comerton et al. [92] reported extensive removal of viruses (>5.3 log removal, simulated
using MS2 coliphage) by a laboratory-scale MBR-RO hybrid system. The benefit of a
complementary combination of MBR and NF/RO treatment with respect to trace organic
removal also appears quite intuitive. Nevertheless, it is surprising that this hypothesis has
remained largely untested. It is also noteworthy that the combination of MBR and NF/RO
treatments for indirect potable water reuse and other wastewater treatment applications
remains very uncommon in practice.
The aim of this study was to investigate and demonstrate the complementarities between
MBR treatment and NF/RO membrane filtration for an enhanced removal of TrOCs.
Experiments were conducted using a laboratory-scale MBR system and four commercially
available NF/RO membranes. Forty trace organic compounds with molecular weight of less
than 500 g/mol and a wide range of physicochemical properties were chosen as model
TrOCs. Removal efficiency by both MBR treatment and NF/RO filtration was related to the
physicochemical properties of these compounds to highlight the complementary nature of
combining these two treatment processes. The fouling propensity of the four NF/RO
membranes selected in this study is also reported and discussed.
4.2

Materials and methods

Detailed descriptions of the MBR-NF/RO set-up, operation protocol, and analytical
techniques have been provided in chapter 3. One week in advance before the starting of
MBR-NF/RO, chemical cleaning of the UF membrane were conducted without sludge
withdrawal. The MLSS concentration in the MBR was at 8 g/L. TrOCs were continuously
introduced daily to the feed solution of MBR to achieve a constant concentration of
approximately 2 μg/L of each selected chemical. Following this, the MBR was operated for
10 days to collect sufficient amount of effluent which will be used as a feed for NF/RO
system. In this chapter, the obtained data is systematically analysed to assess the overall
performance of the hybrid MBR-NF/RO system.
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4.2.1 Model trace organic contaminants
Forty compounds were selected for this study to represent four major trace organic groups
of concern in water reuse applications – namely pharmaceutically active compounds,
steroid hormones, industrial compounds, and pesticides (Table 4-1). The selection of these
model trace organic compounds was also based on their widespread occurrence in domestic
sewage and their diverse physicochemical properties (e.g. ionisable versus non-ionisable,
hydrophobicity and molecular size). Key physicochemical properties of these trace
organics are shown in chapter 3 (Tables 3-3 to 3-5) and Table 4-1. The selected trace
contaminants include organic compounds with molecular weights in the range between
151.2 g/mol (paracetamol) and 454.6 g/mol (verapamil). The intrinsic hydrophobicities of
these compounds vary significantly as reflected by their octanol-water partitioning
coefficient (log Kow) values. Possessing a number of different functional groups, many of
these compounds are ionisable at environmental pH. Given the presence of ionisable
functional groups in some of these compounds, log D (which is the effective log Kow at a
given pH) appears to be a better hydrophobicity indicator than log Kow [231, 232]. As can
be seen in Figure 4-1, at pH 8 (which is typical to that of MBR or secondary treated
effluent) log D values of the selected compounds span over a very wide spectrum. The
most hydrophilic compound is enalapril with log D at pH 8 of -1.21 and the most
hydrophobic compound is nonylphenol with log D at pH 8 of 6.19. All of the selected trace
organic compounds were purchased as analytical grade standards. A cocktail stock solution
of the trace organics was prepared in pure acetonitrile. This stock solution was kept in a
freezer at -18 oC and was used or else discarded within a period of less than one month.
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Table 4-1: Maximum and minimum concentrations of the trace organic compounds in
the influent. Duplicate samples were taken twice each week for four weeks.
Compound
Paracetamol
DEET
Caffeine
Ibuprofen
t-octylphenol
Atrazine
Meprobamate
Primidone
Nonylphenol
Bisphenol A
Naproxen
Carbamazpine
Linuron
Gemfibrozil
Dilantin
Triamterene
Sulfamethoxazole
Ketoprofen
Atenolol
Estrone
17β-estradiol
Amitriptyline
Androstenedione
Estriol
Testosterone
Triclosan
Trimethoprim
Etiocholanolone
Androsterone
Diclofenac
17α-ethynylestradiol
Triclocarban
Clozapine
Omeprazole
Hydroxyzine
Enalapril
Risperidone
Simvastatin
Simvastatin hydroxyacid
Verapamil

Min.
1736
582
1596
1396
2180
1064
1868
1642
1448
1428
3300
1180
1228
1100
1622
468
1620
2040
1450
2160
1560
698
1916
1352
1572
582
1486
1620
1372
502
3240
1034
682
1002
191
1598
1386
2660
284
1480

MBR influent concentration (ng/L)
Max.
Average
2100
1922.3
1526
980.9
2080
1884.3
1886
1634.0
3180
2617.1
1846
1431.7
2160
2050.0
2000
1909.4
1794
1601.7
1916
1724.6
4120
3725.7
1464
1315.4
1556
1402.6
1326
1233.4
2040
1847.4
646
559.4
1840
1728.9
2260
2174.3
1658
1591.4
2540
2371.4
2040
1828.6
854
779.7
2300
2138.6
2600
2267.4
1896
1769.7
632
604.0
1942
1715.7
1830
1754.0
1592
1489.4
668
576.9
3840
3594.3
1566
1259.7
1188
932.6
1494
1226.9
478
328.4
1848
1762.0
1658
1548.0
3460
3037.1
1562
994.6
2020
1766.0
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SD
129.6
449.6
176.6
183.8
404.9
313.0
109.4
122.8
116.2
204.7
263.2
101.9
119.3
83.1
150.7
69.6
98.1
70.9
66.5
157.8
176.3
52.7
149.8
427.9
117.2
21.1
178.9
74.6
88.9
74.8
210.6
246.1
230.0
214.1
126.8
98.7
97.6
268.7
506.2
172.5

Chapter 4 MBR-NF/RO

4.3
4.3.1

Results and discussion
Effects of trace organics on basic MBR performance

Following the introduction of the TrOCs to the feed solution, the biological performance of
the MBR continued to be monitored on a regular basis. The MBR showed good and stable
performance with respect to a range of basic water quality parameters over the entire
experiment (Table 4-2). In particular, the pH of the MLSS in the reactor was carefully
controlled and maintained at 7.5 ± 0.1 throughout the experiment (Table 4-2). The
conductivity of the effluent (EC) was also constant during the experiment (Table 4-2). No
evidence of shock loading as a result of the dosing of the TrOCs to the feed solution was
observed. With the exception of a rapid decrease in TN removal, all other basic
performance parameters before and after the introduction of the trace contaminants
remained constant. Within the first 10 days of the introduction of the trace organic
contaminant cocktail to the feed water, the removal efficiency of TN decreased sharply
over a few days from as high as 97% to approximately 66%, which was then maintained
until the end of the experiment. In the absence of an anoxic compartment, the
denitrification capacity of the MBR system used in this study was limited. In fact, the
available nitrogen in the feed water was from peptone which was mostly in organic-bound
form. Therefore, the high initial TN removal observed here could possibly be attributed to
the conversion of dissolved organic nitrogen to biomass, which would then be retained by
the membrane. When the trace organic contaminant cocktail (which was prepared in
acetonitrile) was introduced to the feed solution, the TN in the feed water increased from 12
mg/L to approximately 50 mg/L. This was probably the main reason for the observed
decrease in TN removal. However, the increase in nitrogen content of the feed water did
not exert any discernible impact on the MLSS, nor the MLVSS/MLSS ratio in the reactor.
There was a slight increase in the MLSS content in the reactor from 8 g/L to 10 g/L over
the duration of the experiment of approximately one month while the MLVSS/MLSS ratio
remained constant at approximately 0.9. It is also noteworthy that the turbidity of the
treated effluent was always below 0.2 NTU. The hydraulic operation of the MBR remained
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stable after the introduction of the TrOCs to the feed water also that did not result in any
abnormal transmembrane pressure (TMP) increase (Table 4-2).
Table 4-2: Basic biological performance of the MBR system.
TOC
removal
(%)

TN removal
(%)

MLSS
(g/L)

MLVSS
(g/L)

Effluent
TOC
(mg/L)

Effluent
Effluent
pH of the
conductivity turbidity
MLSS
(µS/cm)
(NTU)

Average
daily
increase
of TMP
(kpa)

98.5 – 99.2 66.3 – 97.3

8.6 – 10.0 7.7 – 9.0

3.0 – 7.5

7.4 – 7.6

540-577

<0.2

0.9

While the concentrations of trace organics in domestic wastewater can be up to several
μg/L, simultaneous occurrences of all 40 compounds in wastewater at approximately 2
μg/L is rather uncommon. Nevertheless, in good agreement with the literature, results
reported here confirmed that the presence of TrOCs would not result in any inhibitory
effect to the basic performance of the MBR. Similarly, Abegglen et al. [261] did not
observe any inhibition of an activated sludge treatment process with respect to carbon and
nitrogen removal when several antibiotic pharmaceuticals were introduced to the feed water
at concentrations of up to 1 mg/L. The authors suggested that these antibiotics could be
metabolized by enzymes constitutively expressed during standard MBR treatment [261].
Furthermore, as evidenced in their study, at trace organic concentrations of up to 4 μg/L,
the microbial population would not need to be adapted by prolonged or regular exposure to
these compounds. The influence of several other pharmaceutically active compounds on the
microbial performance of biological treatment systems has also been reported. When high
concentrations of up to 176 μg/L of the cytostatic drug cyclophosphamide were introduced
to the influent of a laboratory-scale MBR, Delgado et al. [262] observed a reduction in both
sludge production and exogenous respiration. This is possibly as a result of the inhibition of
catabolism and anabolism. However, these authors did not observe any effect of
cyclophosphamide on the removal of both COD and TN by their MBR system under any
operating conditions. Moreover, Delgado et al. [262] suggested that this inhibitory effect
could be off-set by a high biomass-to-substrate ratio, which would be typically the case in
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MBR systems. Indeed, this hypothesis is well supported by a more recent investigation.
Aubenneau et al. [263] observed no discernible effects of carbamazepine at a concentration
of 1 μg/L on the performance of the microbial community from a pilot MBR (MLSS of 8.5
g/L). In contrast, there were some apparent effects on both the respiratory activity and floc
sizes of the sludge obtained from a CAS treatment process (MLSS of 2 g/L) [263].
4.3.2 Removal of trace organics by MBR
Given the diverse physicochemical properties of the 40 trace organic compounds selected
in this study, it was not a surprise that their removal efficiency varied quite significantly.
Negligible removal was observed for DEET, dilantin, carbamazepine, atrazine and
primidone. In contrast, several other compounds including gemfibrozil, androstenedione,
testosterone, etiocholanolone, androsterone, 17β-estradiol, 17-ethynylestradiol, triclosan
and nonylphenol were completely removed to below the detection limit of the analytical
technique. Nevertheless, it is striking to note that all hydrophobic trace organic compounds
were consistently well removed by the MBR process. According to a definition widely
accepted in the literature, an organic compound is considered hydrophobic when the
logarithm (base 10) value of its effective water-octanol partitioning coefficient (measured
by log D) is 3 or higher [231]. Figure 4-1 shows the removal efficiency of the selected trace
organic compounds together with their log D at the ambient pH of the MBR (pH 8). For
trace organics with log D of 3 or above, the removal efficiency was consistently above
80%, with linuron being the only exception. Previous studies have reported that adsorption
to the MLSS can be a major removal mechanism of the hydrophobic trace organics. These
hydrophobic trace organics can be subsequently biodegraded in a MLSS-bound condition.
It should be noted that linuron is marginally hydrophobic with a log D of only 3.2. In
addition, it is a chlorinated compound which could explain its low biodegradability during
biological treatment. In contrast, there was a significant variation in the removal efficiency
of those compounds with log D of less than 3. Being hydrophilic, adsorption of these
compounds to the MLSS would be negligible. The removal efficiency of these compounds
is dependent almost solely on their biodegradability. As a result, the reported removal
efficiency of these hydrophilic TrOCs was very scattered as shown in Figure 4-1.
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Figure 4-1: Removal efficiency of the selected TrOCs and their corresponding hydrophobicity
(log D) by MBR treatment.
It is noted that the MBR was operated under very stable conditions throughout this
experiment. In this study, duplicate influent and effluent samples were collected twice each
week for four weeks. The concentrations of trace organics in each pair of influent and
effluent samples were used to calculate the corresponding removal efficiency. The small
variation in the removal efficiency of each of the 40 selected trace organic compounds
presented in Figure 4-1 is indicative of the highly stable performance of the MBR
throughout the study.
4.3.3 Removal of trace organics by a combined MBR-NF/RO system
Results reported in Figure 4-1 reconfirm the limitation of MBRs with respect to the
removal of some hydrophilic and biologically persistent trace organic compounds.
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However, since most of these problematic compounds are hydrophilic, there is an excellent
scope for the use of NF/RO membranes to remove these TrOCs. In fact, as can be seen in
Figure 4-2, NF/RO membranes can complement MBR treatment very well, resulting in
above 99% removal of most of the 40 TrOCs selected in this study. According to Nghiem
et al. [141] the removal of some hydrophobic compounds can be actually lower than that
predicted based solely on a steric hindrance transport model. This is because hydrophobic
compounds can adsorb to NF/RO membranes and then diffuse through the dense polymeric
matrix, resulting in considerable transport of these compounds across the ultra-thin active
skin layer. Conversely, most of these hydrophobic compounds can be effectively removed
by MBR as demonstrated in the previous section. In contrast, since hydrophilic compounds
do not absorb to the membrane polymeric matrix, hydrophilic TrOCs can be effectively
rejected by NF/RO membranes via steric hindrance or size exclusion mechanisms.
High rates of removal of most of the 40 compounds selected in this study were achieved
with the combination of MBR and NF/RO treatment processes. The combination of MBR
treatment and the NF270 membrane resulted in the removal of 24 compounds to below
detection limits (Figure 4-2a). MBR and the NF90 membrane achieved even better results
with removal of 28 compounds to below detection limits (Figure 4-2b). When the BW30
was coupled with MBR treatment, 14 compounds were detected in the final RO permeate
(Figure 4-2c). When the combination of MBR and the ESPA2 membrane was used, only 7
compounds were detected in the final RO permeate (Figure 4-2d). It is noteworthy that both
of the BW30 and ESPA2 are low pressure RO membranes. They have been widely
considered suitable for non-potable and indirect potable water recycling applications.
Despite the significant variation in concentrations of these compounds in the MBR effluent
of up to 2 μg/L, their concentrations in the final RO permeate were only marginally above
the analytical detection limits.
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Figure 4-2: Overall removal efficiency of the selected TrOCs by MBR treatment followed
by membrane filtration using a) the NF270; b) the NF90, c) the BW30 and d) the ESPA2
membrane. NF/RO membrane filtration experiment was conducted at an initial permeate flux
of 41 L/m2 h temperature of 20 oC, cross-flow velocity of 30.4 cm/s. Samples were collected
after 25 hours of filtration.
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4.3.4 Performance of the NF/RO membranes
Compounds shown in Figure 4-3 are listed in the order of increasing molecular weight or
the equivalent molecular Stoke radius. The NF270 is a loose nanofiltration membrane with
large open pore size and high permeability. Therefore, the relatively low removal
efficiencies for most compounds investigated in this study are not a surprise (Figure 4-3a).
It is also apparent that compounds with smaller size appeared in the final permeate more
often and at higher concentrations. This is also evident for the tight nanofiltration
membrane NF90 (Figure 4-3b) as well as the two RO membranes (Figures 4-3c and 4-3d)
investigated in this study. The majority of compounds shown in Figure 4-3 are hydrophilic
(log D <3) because most hydrophobic compounds have been effectively removed by the
MBR treatment process. Adsorption of these hydrophilic compounds to the membrane is
not expected to be significant. In fact, analysis of the feed samples after 1 hour and 25
hours of filtration showed no apparent difference in the concentration of these hydrophilic
compounds in the feed reservoir. In contrast, adsorption of all six hydrophobic compounds
(which were detectable in the MBR effluent) to the NF/RO membranes could be inferred
from the decrease in their concentrations in the feed as the filtration experiments progressed
(Figure 4-4). Furthermore, these hydrophobic compounds appear to be more permeable
through these membranes than their hydrophilic counterparts. Notable examples include toctylphenol (log D of 4.93) and linuron (log D of 3.20), which were detectable even in the
permeate of the ESPA2 membrane. With the exception of linuron which is a chlorinated
organic pesticide, these compounds have been substantially removed by the preceding
MBR treatment process. Results reported here confirm the capacity of low pressure RO,
and to a lesser extent NF, membranes to act as effective barriers against trace organic
compounds that are hydrophilic and large in molecular size (or molecular weight). These
results also highlight the merit of coupling NF/RO membrane filtration with MBR
treatment for complementary removal of hydrophobic trace organic compounds.
Conductivity rejection values measured after 1 hour and 25 hours of filtration are shown in
Table 4-3. Also shown in Table 4-3 are the contact angle values of the membranes under
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virgin conditions and after the filtration experiments. The NF270 membrane, which is a
loose nanofiltration membrane, has a very low desalting capacity. This is also
corresponding to rather low trace organic contaminant removal efficiency (Figure 4-3a).
Nevertheless, conductivity rejection does not appear to be a good indicator to assess the
removal efficiency of TrOCs by the tight NF and RO membranes. The NF90 membrane has
a moderate conductivity rejection of 76.5% but shows a comparable capacity in removing
TrOCs to that of the reverse osmosis BW30 (which has the highest conductivity rejection
amongst the 4 membranes investigated in this study). In fact, the ESPA2 membrane has a
marginally lower conductivity rejection than that of the BW30, but appears to be the most
effective among all 4 membranes examined in this study for the removal of TrOCs. Table
4-3 also shows a small, but reproducible, decrease in conductivity rejection as the filtration
process progresses. This can plausibly be attributed to some extent to the cake-enhanced
concentration polarisation phenomenon caused by the deposition of the organic and
particulate constituents of the MBR effluent on the membrane surface [41, 145, 250]. In
fact, contact angle measurements of the membrane surfaces subsequent to MBR effluent
filtration consistently indicate an increase in the membrane surface hydrophobicity. These
results suggest the presence of an organic cake layer which may subsequently result in a
cake-enhanced concentration polarisation effect.
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Figure 4-3: Feed and permeate concentration of TrOCs of (a) the NF270; (b) the NF90, (c)

the BW30 and (d) the ESPA2 membrane. Error bar represent the standard deviation of 4

repetitive samples. Compounds completed removed by the preceding MBR treatment

process are not included. Compounds not detectable in the permeate samples are denoted

by *, **, or ***, corresponding to the compound detection limit of 10, 20, and 40 ng/L.

Experiments were conducted at an initial permeate flux of 41 L/m2 h, temperature of 20 ˚C,

cross-flow velocity of 30.4 cm/s. Samples were collected after 25 hours of filtration.
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Figure 4-4: Feed concentration of hydrophobic TrOCs of (a) the NF270; (b) the NF90; (c) the
BW30; and (d) the ESPA2 filtration experiments after 1 hour and 25 hours. Experimental
conditions as per caption of Figure 4-3. After 25 hours of filtration, simvastatin was not
detectable in the feed solution of all four experiments.
MBR effluent and effluent of almost any other biological treatment process contains a
significant amount of organic matter. In this study, the TOC content of the MBR effluent
was in a range from 3 up to 7.5 mg/L, representing a considerable membrane fouling
propensity [264, 265]. Figure 4-5 shows the evolution of the membrane permeate flux as a
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function of filtration time. Considerable permeate flux decline could be observed with the
NF90 membrane. A small, but nevertheless discernible, flux decline could also be observed
with the BW30 membrane. In good agreement with a previous study by Vrijenhoek et al.
[266] there appears to be a correlation between fouling propensity and the membrane
surface roughness. The NF90 and the BW30 have a significant surface roughness (of 63.9
and 62.3 nm, respectively) whereas both the NF270 and the ESPA2 have rather smooth
membrane surface with the corresponding surface roughness of 4.1 nm and 30.0 nm,
respectively (Table 3-2). In fact, the ESPA2 did not show any measurable flux decline over
approximately 25 hours of filtration time. Similarly, there was no permeate flux decline by
the NF270 membrane. As the initial permeate flux adapted in this study is approximately
twice the typical permeate flux of a full scale NF/RO system for water reclamation
applications, Figure 4-4 is assumed to represent a worst case scenario with respect to
membrane fouling assessment.
Table 4-3: Conductivity rejection after 1 and 25 hrs of filtration and contact angle of
NF/RO membranes before and after filtration experiments.
Conductivity rejection (%)

Contact angle ( ° )

Membrane
1 hr

25 hrs

Virgin

Fouled

NF270

24.09

18.82

24

85.6

NF90

78.96

76.46

42.5

77.6

BW30

96.61

95.73

53.43

80.5

ESPA2

95.59

95.03

60.63

85.9
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Figure 4-5: Permeate flux of (a) the NF270; (b) the NF90; (c) the BW30; and (d) the
ESPA2 as a function of filtration time. Experiments were conducted at an initial
permeate flux of 41 L/m2 h, temperature of 20 ˚C, cross-flow velocity of 30.4 cm/s.
Samples were collected after 25 hours of filtration.

4.4

Conclusion

Results reported in this study indicate that NF/RO membrane filtration and MBR treatment
can complement each other very well to achieve an enhanced removal efficiency of a wide
range of TrOCs. MBR can effectively remove hydrophobic and biodegradable trace organic
compounds. The high removal efficiency of these hydrophobic compounds could be
attributed to enhanced residence time in the biological reactor due to ready adsorption to
the MLSS. In contrast, hydrophilic trace organic compounds were effectively removed by
the four NF/RO membranes selected in this study. The combination of MBR and the low
pressure RO membrane ESPA2 resulted in more than 95% removal or removal to below the
analytical detection limit of all 40 trace organic compounds investigated in this study.
Conductivity rejection did not appear to be a reliable indictor to assess the removal
efficiency of trace organic compounds by NF/RO membranes. The results from MBR
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confirm there was no evidence of HRT reduction, which was set at 24 hours, that
correspond to a permeate flux of 4.3 L/m2 h (or 6.7 mL/min). Results reported here also
suggest that NF/RO membrane fouling could be mitigated with appropriate membrane
selection. Despite a relatively high initial permeate flux, negligible flux decline was
observed with the NF270 and ESPA2 over more than 25 hours of filtration, possibly
because of the surface smoothness of these membranes.
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CHAPTER 5: REMOVAL OF TRACE ORGANIC CONTAMINANTS BY THE
FORWARD OSMOSIS PROCESS
5.1

Introduction

Water and energy shortages are two of the most pervasive issues hindering economic
growth in both developed and developing economies [239]. Not surprisingly, there has been
a surge in the development and deployment of new technologies to support growth beyond
the traditional limitations of natural resources [239]. The overarching aim of these new
technologies is to reduce the carbon footprint associated with water production, while
maximizing water recovery. Among these emerging technologies, forward osmosis (FO)
has recently received increased attention as one that could potentially address these criteria
[64, 98, 267].
In the FO process, a water-permeable and salt-rejecting membrane is placed between a feed
solution, (which has a low concentration of inorganic salts but can be severely
contaminated with organic pollutants or pathogenic agents), and a draw solution (which
contains a specific salt such as NaCl at a high concentration that generates a high osmotic
pressure) [267]. The natural osmosis process drives water to permeate through the
membrane from the less concentrated ‘feed solution’ to the more concentrated ‘draw
solution’. Recent research has demonstrated that the FO process is not as susceptible to
membrane fouling as other pressure driven membrane processes [62, 101]. Even when
fouling occurs, effective membrane cleaning can be achieved with little or no chemical
treatment [62]. After extracting water from the feed solution, the draw solution is separated
into two streams: a concentrated draw solution, which is recycled back to the membrane
system to facilitate continuous FO operation, and freshwater, as the desired product. The
draw solution can be recovered using a diverse range of separation processes, such as
reverse osmosis (RO) or membrane distillation.
In theory, recovering the draw solution is an energy intensive process. However, in the case
of membrane distillation, it is possible to utilize waste heat or solar thermal, and thus, the
carbon footprint of the overall treatment process can remain very low. In another example,
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an FO desalination process using ammonia–carbon dioxide as the draw solute has recently
been proposed [103]. Ammonium carbonate has a very high osmotic pressure and this draw
solute can be regenerated using low grade heat (at approximately 60 ºC) to recover the
dissolved gases (i.e. ammonia and carbon dioxide), leaving behind clean product water
[103]. In addition, FO does not require draw solution recovery in all cases. If a draw solute
is used that adds value to the extracted water, the diluted draw solution can be used as it is,
and new draw solutes can be introduced to the system to create additional product [267].
Examples of this include commercially available personal hydration packs, which use a
sugar-and-nutrient draw solution to provide energy-boosting drinks from natural waters
[267], or water used in irrigation, for which fertilizer serves as the draw solute, thus
allowing the product water to be directly applied [268]. Alternatively, in an osmotic
membrane bioreactor system [63, 81, 104] used to ensure high quality effluent discharge
into the ocean, seawater can be used as the draw solution in a once-through fashion.
The effect of the draw solution on the rejection is poorly covered and needs more
investigation. In a recent study, Hickenbottom et al. [269] reported a significant decrease in
COD concentration (from 7.6 to 1.8 mg/L) in DS solution during FO process and attributed
that to DS dilution and rejection of small organic matter by the FO membrane. Conversely,
the same authors cited that the DOC concentration showed an increased from 2.49 to 3.66
mg/L at the same time.
In several applications of the FO process, the removal of trace organic contaminants
(TrOCs) that may occur in the contaminated feed water is an important consideration [78,
79, 164, 170]. Many TrOCs, including steroid hormones and pharmaceutically active
compounds, are continuously excreted by humans and other mammals and can directly
enter the sewage system. However, the fate and transport of TrOCs during FO treatment is
not fully understood.
To date, only a few studies relating to the rejection of TrOCs by FO membranes have been
reported. A recent study by Hancock et al. [78] investigating the rejection of over 30 TrOCs
by the FO process showed that their rejection was in the range of 40 to 98%. In their study,
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more than 80% of charged compounds were rejected. However, the rejection of non-ionic
compounds, at between 40 and 90%, was highly variable. With the exception of tris (2chloroethyl) phosphate, the rejection of non-ionic compounds by the FO process appeared
to be governed by steric hindrance as shown by the trend of rejection increasing with
increasing molecular weight [78]. Valladares Linares et al. [79] investigated the rejection of
13 TrOCs by a similar FO membrane using seawater from the Red Sea as the draw
solution. Their results are also consistent with those reported by Hancock et al. [78].
Rejection of hydrophilic ionic contaminants, including ibuprofen, naproxen, fenoprofen,
gemfibrozil and ketoprofen, was between 92.9 and 98.6%. On the other hand, rejection of
neutral compounds (e.g. caffeine, 1,4-dioxane, acetaminophen, metronidazole, phenazone,
bisphenol A) varied significantly from 40 to 95.2% [79]. The rejection of the steroid
hormones estrone and 17α-estradiol by an FO membrane has also been investigated by
Cartinella et al. [80]. Their findings showed that when using different NaCl draw solution
concentrations, estrone and 17α-estradiol rejection varied from 77 to 99%, depending on
composition of the feed and experiment duration [80].
In this study, we examined the rejection of 40 TrOCs by a commercial membrane
specifically designed for FO applications and a typical nanofiltration membrane. Rejection
of the selected TrOCs was related to the membrane characteristics and mode of operation in
order to systematically elucidate the underlying separation mechanisms. The results provide
further insight into the rejection of TrOCs by the FO process and can potentially be useful
for future design of FO membranes as well as optimization of the FO process.
5.2

Materials and methods

Detailed descriptions of the FO and NF set-ups, operation protocol, and analytical
techniques have been provided in chapter 3 (Figures 3-2 and 3-3). FO system was exposed
to cleaning procedure using Mill-Q water, which conducted prior to every experiment for
one hour, and chemical cleaning was avoided to reduce the risk of chemical contamination
in the system. Trace organic contaminants were freshly prepared and introduced to the feed
solution of FO to achieve a constant concentration of approximately 750 ng/L of each
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selected chemical. Samples were collected from feed and permeated water from draw
solution (DS) reservoir, then extracted and analysed to calculate the rejection of the
selected chemicals using FO and NF90 membrane, because the latest membrane has
comparable NaCl rejection to that of the FO membrane. The concentration of the trace
organics in the draw solution have been adjusted to calculate the actual concentration of
each compound as shown in chapter 3. In this chapter, the obtained data is systematically
analysed to assess the performance of the FO system.
5.2.1 Model trace organic contaminants
A set of 40 compounds was chosen to represent four major trace organic groups of concern
in water reuse applications: pharmaceutically active compounds, steroid hormones,
industrial compounds, and pesticides. The selection of these model trace organic
compounds was also based on their widespread occurrence in domestic sewage and their
diverse physicochemical properties (e.g. ionisable versus non-ionisable, hydrophobicity
and molecular size). Key physicochemical properties of these compounds are shown in
Table 5-1. The selected trace contaminants included organic compounds with molecular
weights in the range between 138.1 g/mol (salicylic acid) and 454.6 g/mol (verapamil). The
intrinsic hydrophobicities of these compounds vary significantly as reflected by their
octanol-water partitioning coefficient (log Kow) values. Possessing a number of different
functional groups, many of these compounds are ionisable at environmental pH. All of the
trace organic compounds were purchased as analytical grade standards. A cocktail stock
solution of the compounds was prepared in pure acetonitrile. It was kept in a freezer at – 18
o

C and used within one month.
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Table 5-1: Summary of relevant physiochemical properties of selected contaminants.
MW
Log
Charge
pKa
(g/mol)
Kow
Salicylic acid
69-72-7
138.12
2.01
3.01
Paracetamol
103-90-2
151.16
0.47
n
9.86; 1.72
Polyparaben
94-13-3
180.2
2.9
n
8.23
Caffeine
58-08-2
194.19 -0.63
n
0.52
Ibuprofen
15687-27-1
206.28
3.5
4.41
Primidone
125-33-7
218.25
0.83
n
12.26; -1.07
Meprobamate
57-53-4
218.25
0.7
n
13.09; -1.09
Naproxen
22204-53-1
230.26
2.88
4.84
Gemfibrozil
25812-30-0
250.33
4.3
4.75
Dilantin
57-41-0
252.27
1.42
n
8.28; -2.81
Triamterene
396-01-0
253.26
1.16
6.28
Ketoprofen
22071-15-4
254.28
2.91
4.23
Atenolol
29122-68-7
266.34
0.33
+
13.88; 9.43
Amitriptyline
50-48-6
277.4
4.41
n
9.18
Triclosan
3380-34-5
289.54
5.34
n
7.8
Trimethoprim
738-70-5
290.32
0.59
+
7.04
Diclofenac
15307-86-5
296.15
4.55
4.18; -2.26
Fluoxetine
54910-89-3
309.33
3.93
+
10.05
Triclocarban
101-20-2
315.58
6.07
n
12.77; -0.34
Clozapine
5786-21-0
326.82
3.94
+
7.33
Omeprazole
73590-58-6
345.42
2.36
n
8.78; 4.72
Hydroxyzine
68-88-2
374.9
2.32
+
14.41; 6.62
Risperidone
106266-06-2 410.48
2.68
n
8.07
Simvastatin
79902-63-9
418.57
4.72
n
13.49
Simvastatin hydroxy acid 121009-77-6 436.58
4.53
4.31
Verapamil
52-53-9
454.6
4.02
n
8.97
DEET
134-62-3
191.27
2.42
n
-1.37
Atrazine
1912-24-9
215.68
2.64
n
2.27
Linuron
330-55-2
249.09
3.12
n
12.13; -1.04
t-octylphenol
140-66-9
206.32
5.18
n
10.15
Nonylphenol
104-40-5
220.35
6.14
n
10.15
Estrone
53-16-7
270.37
3.62
n
10.25
17β-estradiol
50-28-2
272.38
4.14
n
10.27
17α-estradiol
57-91-0
272.38
4.14
n
10.27
Androstenedione
63-05-8
286.41
2.72
n
Estriol
50-27-1
288.38
2.53
n
10.25
Testosterone
58-22-0
288.42
3.18
n
15.06
Etiocholanolone
53-42-9
290.44
3.93
n
15.14
Androsterone
53-41-8
290.44
3.93
n
15.14
17α-ethynylestradiol
57-63-6
296.4
4.11
n
10.24
Reference source: SciFinder Scholar, data calculated using Advanced Chemistry
(ACD/Labs) Software V8.14 for Solaris (1994-2007 ACD/Labs).
Compound

CAS no.
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Formula
C7H6O3
C8H9NO2
C10H12O3
C8H10N4O2
C13H18O2
C12H14N2O2
C9H18N2O4
C14H14O3
C15H22O3
C15H12N2O2
C12H11N7
C16H14O3
C14H22N2O3
C20H23N
C12H7Cl3O2
C14H18N4O3
C14H11Cl2NO2
C17H18F3NO
C13H9Cl3N2O
C18H19ClN4
C17H19N3O3S
C21H27ClN2O2
C23H27FN4O2
C25H38O5
C25 H40O6
C27H38N2O4
C12H17NO
C8H14ClN5
C9H10Cl2N2O2
C14H22O
C15H24O
C18H22O2
C18H24O2
C18H24O2
C19H26O2
C18H24O3
C19H28O2
C19H30O2
C19H30O2
C20H24O2
Development
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5.3

Results and discussion

5.3.1 Membrane characterisation
The active layers of the HTI and NF90 membranes are made of cellulose acetate and
polyamide, respectively. Nevertheless, they have comparable hydrophobicity and average
membrane pore size (Table 5-2). Because the HTI membrane is made with asymmetric
cellulose acetate, its active and backing layers have an almost identical zeta potential as a
function of pH (Figure 5-1). The isoelectric point of the HTI membrane is at approximately
pH 4, and at higher pH, the membrane becomes slightly negatively charged. The NF90
membrane also has an isoelectric point at approximately pH 4. However, at near neutral pH
or above, it has a significantly more negative zeta potential than the HTI membrane.
Both A and B values (i.e. water and salt permeabilities) of the HTI membrane were
significantly smaller than those of the NF90 membrane (Table 5-2), despite the former
having a slightly larger membrane pore size. This behavior is in accordance with the
structure of the selective barriers of these membranes, with the thin-film composite
membrane having a much thinner polyamide active layer than the asymmetric cellulose
acetate membrane [270]. Nevertheless, given that the NF90 membrane was not designed for
use in osmotically driven membrane processes, its water flux was negligible (data not
shown) in both FO and PRO modes, when a draw solution of 0.5 M of NaCl was used.
Only when 2 M NaCl was used as the draw solution in PRO mode, did the NF90 membrane
produce a water flux of 0.2 L/m2h (Figure 5-2). In contrast, considerable water flux was
obtained with the HTI membrane (Figure 5-2). The very low water flux observed with the
NF90 membrane could be attributed to the structure and chemistry of the thick and
hydrophobic polysulfone support layer, which results is severe internal concentration
polarization (ICP) [209, 271]. Such significant effect of ICP can also be seen by comparing
the water flux of the HTI membrane under FO and PRO modes. Since Milli-Q water was
used as the feed, the concentrative ICP in PRO mode was less than the dilutive ICP in FO
mode, resulting in higher water flux for the former case. However, it is noteworthy that the
reverse salt flux was also higher in PRO mode when compared to FO mode. Results shown
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in Figures 5-2 and 5-3 also demonstrate that both the water and reverse salt fluxes increase
as draw solution concentration increases. In addition, the stability in water the flux is a
cross FO membrane at a given trace organics loading rate that showed no clear evidence of
membrane fouling in every mode (Figure 5-2). The current results are compatible with the
other researcher’s hypothesis, which has demonstrated that the FO process is not as
susceptible to membrane fouling [62, 101].

Table 5-2: Properties of the HTI and NF90 membranes.
Membrane

HTI

NF90

Cellulose acetate

Polyamide

Average pore diameter (nm)

0.74 a

0.68 b

Water permeability, A (L/m2 hbar)

1.08

4.36

Salt permeability, B (L/m2h)

0.245

1.32

Active layer

64 ± 3

60 ± 5

Backing layer

66 ± 5

not applicable

Material of the skin layer

Contact angle (º)
a

Ref: [170]; b Ref: [141].
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Figure 5-1: Zeta potential of the HTI and NF90 membranes as a function of pH. The background
electrolyte solution was 1 mM KCl.
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Figure 5-2: Water flux as a function of time at different draw solution (NaCl) concentrations in (a) PRO
mode and (b) FO mode. Both feed and draw solution temperatures were 22.5 ± 1 ºC and the cross-flow
velocity at both sides of the membrane was 9 cm/s. Milli-Q water was used as the feed solution (pH 6).
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Figure 5-3: Water and reverse salt flux at different draw solution (NaCl) concentrations in the PRO and
FO modes. Experimental conditions are as described in Figure 5-2.
5.4

Rejection of trace organic contaminants

The separation of TrOCs by a membrane filtration process can be governed by either
electrostatic interaction or size exclusion or both [95, 272]. At pH 6, as used in this study,
five compounds (i.e. atenolol, trimethoprim, fluoxetine, clozapine, and hydroxyzine) were
positively charged and eight other compounds were negatively charged. The remaining 27
investigated compounds existed predominantly in their neutral forms.
5.4.1 Charged organic compounds
The rejection of charged TrOCs in the PRO, FO and RO modes is presented in Figure 5-4.
It is noteworthy that in PRO and FO modes, rejection values were determined at 50% water
recovery while the water recovery in RO mode was negligible.
In PRO mode, the rejection of most charged TrOCs by the NF90 membrane was
considerably higher than that by the HTI FO membrane. This can be attributed to the fact
that the NF90 membrane had a smaller pore size and significantly more negative zeta
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potential than the HTI membrane (Section 5.3.1). In addition to charge repulsion, size
exclusion can also play a major role in influencing the rejection of charged TrOCs by the
HTI membrane, as seen by the increased rejection with increasing TrOC molecular weight.
It is notable that the rejection of charged and small molecular weight TrOCs was higher
when a 0.5 M NaCl was used as the draw solution compared to 2 M NaCl. This can
possibly be explained by the high reverse salt flux observed when 2 M NaCl was used,
which resulted in a higher ionic strength within the support layer on the feed side of the
HTI membrane. The enhanced ionic strength could reduce the effectiveness of the
electrostatic repulsion rejection mechanism.
In FO mode, the rejection of charged and small molecular weight TrOCs was higher than
that in PRO mode (Figure 5-4). In PRO mode, because water first permeates through the
supporting layer and then the dense skin layer of the HTI membrane toward the draw
solution side, the ICP of TrOCs can be very severe. This ICP phenomenon could explain
the lower rejection of charged and small molecular weight TrOCs in PRO mode in
comparison to FO mode.
In RO mode, since the ionic strength of the feed solution was negligible, rejection of
charged TrOCs by both the HTI and NF90 membranes was high and dominated by
electrostatic repulsion. Rejection of all charged TrOCs by the NF90 was slightly higher
than that by the HTI membrane. This is because the active layer of the NF90 membrane had
a smaller average pore size and a more negative zeta potential than either the active or
backing layers of the HTI membrane. Results shown in Figure 5-4 suggest that electrostatic
interaction was a dominant rejection mechanism for charged TrOCs in RO mode. However,
electrostatic interaction appears to play a less important role in PRO and FO modes.
5.4.2 Neutral organic compounds
In general, for all three modes, the rejection of neutral TrOCs increased as their molecular
weights increased (Figure 5-5). In addition, rejection of neutral TrOCs in the FO mode was
higher than that in the PRO mode. This is because the ICP effect was more severe in the
PRO mode than in the FO mode as previously discussed in section 5.4.1. In the same mode
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of operation, the rejection of almost all neutral TrOCs by the NF90 membrane was higher
than that by the HTI membrane. This again may be explained by the smaller pore size of
the NF90 membrane compared to the HTI membrane (Table 5-2).
Rejection of neutral TrOCs in the FO mode was notably higher than that in the RO mode
(Figure 5-5). This interesting observation is in fact consistent with the results previous
reported by Xie et al. [170] and can be explained by the retarded forward osmosis
phenomenon recently proposed by Hancock and Cath [273]. In the RO mode, the transport
of neutral TrOCs across the membrane is concurrent with the flow of all other solutes. In
the FO mode, the transport of water through the membrane in FO is coupled with the
reverse salt flux (i.e. in the opposite direction). The reverse NaCl flux in the FO experiment
was significant (Figure 5-3). In addition, the hydrated radii of Na+ (0.36 nm) and Cl- (0.33
nm) [274] were comparable to that of the membrane pore radius. As a result, the reverse
salt flux could hinder the pore forward diffusion of the TrOCs, leading to a higher rejection
in the FO mode than in the RO mode.
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Figure 5-4: The rejection of charged TrOCs by the HTI and NF90 membranes as a function of
molecular weight at different draw solution (NaCl) concentrations in (a) PRO, (b) FO and (c) RO modes.
Compounds not detectable in the permeate samples are denoted by *, #, and & corresponding to the
PRO, FO, and RO modes, respectively. Experiments conducted in RO mode were in recirculation
configuration, with a feed temperature of 22.5 ± 1ºC, cross-flow velocity of 30.4 cm/s, and permeate
flux of approximately 14.6 L/m2 h. Other experimental conditions are as described in Figure 5-2.
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5.5

Conclusion

The rejection of 40 TrOCs by the HTI and NF90 membranes was investigated (Table: 5-3).
Detailed membrane characterization revealed that the HTI membrane (which is a
commercially available membrane specifically designed for osmotically driven membrane
applications) has considerably smaller water and salt permeabilities as well as smaller
surface charge density than the NF90 (which is a typical nanofiltration membrane).
However, the HTI membrane resulted in considerably higher water flux than the NF90
when operated in the osmotically driven configuration. On the other hand, the NF90
consistently showed better rejection of TrOCs than the HTI membranes. In the RO mode,
electrostatic interaction played a dominant role governing the rejection of charged TrOCs.
In the FO and PRO modes, the rejection of charged TrOCs was governed by both
electrostatic interaction and size exclusion. In the absence of electrostatic interaction, the
rejection of neutral compounds was dominated by size exclusion and the rejection increased
as the molecular weights of the TrOCs increased. The PRO mode resulted in a higher water
flux but a notably lower TrOCs rejection when compared to the FO mode. These
observations could be explained by the ICP phenomenon. Another interesting observation
from this study is the fact that rejection of neutral TrOCs in the FO mode was higher than
that in the RO mode. This could be attributed to the regarded forward diffusion effect
which only occurs in the FO mode when the reverse salt flux is significant.
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Figure 5-5: The rejection of neutral TrOCs by the HTI and NF90 membranes as a function of
molecular weight at different draw solution (NaCl) concentrations in (a) PRO, (b) FO and (c) RO
modes. Compounds not detectable in the permeate samples are denoted by *, #, and &
corresponding to the PRO, FO, and RO modes respectively. Experimental conditions are as
described in Figure 5-4.
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Table 5-3: Summary of the variables in all modes for FO experiments.
DS conc.
Set-up

Membrane

Mode
(NaCl M)

FO system

Cross-flow
set-up

Operation

Average

Average

TrOCs rejection rang (%)

temp.

water flux

reverse salt flux

(°C)

(L/m2 h)

(g/m2 h)

charged

neutral

FO (HTI)

0.5

PRO

22.5 ±1

7.18

6.18

56.5-98.9

5.8-98.9

FO (HTI)

2.0

PRO

22.5 ±1

19.10

17.50

1.1-96.5

7.0-98.5

NF90

2.0

PRO

22.5 ±1

0.20

2.25

50.3-98.7

81.9-99.1

FO (HTI)

0.5

FO

22.5 ±1

5.21

4.08

6.2-98.9

18.3-98.8

FO (HTI)

2.0

FO

22.5 ±1

10.93

8.61

47.2-98.6

29.8-98.7

NF90

2.0

FO

22.5 ±1

No flux

No flux

n.a.

n.a.

FO (HTI)

n.a.

BL=FS

22.5 ±1

15.73*

n.a.

86.3-99.5

23.5-99.4

FO (HTI)

n.a.

AL=FS

22.5 ±1

16.70*

n.a.

89.3-99.3

4.0-99.4

NF90

n.a.

RO

22.5 ±1

14.88*

n.a.

95.7-99.3

39.0-99.4

* Cross flow velocity of 30.4 cm/s, and permeate flux of 14.6 L/m2h.
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CHAPTER 6: PERFORMANCE OF A NOVEL OSMOTIC MEMBRANE
BIOREACTOR (OMBR) SYSTEM: FLUX STABILITY AND
REMOVAL OF TRACE ORGANICS
6.1

Introduction

The occurrence of TrOCs in treated and untreated domestic wastewater has been identified
as a significant environmental health concern [237]. Although most of these contaminants
remain unregulated, there is a growing consensus globally among the scientific community
and water authorities that their optimised removal during wastewater treatment is a
justifiably prudent approach to environmental protection. Recent trends towards indirect
potable water reuse in many metropolitan and arid areas around the world provide further
impetus for the effective treatment of trace chemical contaminants [275]. It is well
established that conventional water and wastewater treatment processes are not adequate
for the effective removal of many TrOCs [237]. The need for a more robust treatment
process has triggered many dedicated scientific investigations to develop new methods to
obtain high quality treated effluent from domestic wastewater, particularly with a focus on
the removal TrOCs [72, 80, 173, 239, 276-278].
Recent scientific progresses in water science and technology have established membrane
bioreactor (MBR) systems as an alternative to conventional activated sludge (CAS)
treatment processes [279, 280]. In comparison to CAS, MBR is more robust with a much
smaller physical footprint and improved effluent quality [241]. Evidence has emerged that
MBR technology can offer an enhanced removal efficiency for moderately biodegradable
and hydrophobic trace organics in comparison to CAS treatment [55]. MBR systems
usually operate at a much higher mixed liquor suspended solids (MLSS) concentration than
that of CAS reactors [241]. It has been systematically demonstrated that during MBR
treatment, hydrophobic TrOCs can adsorb to the MLSS, resulting in a longer retention time
in the bioreactor, hence leading to enhanced removal efficiency [54]. However, current
MBR systems are not effective for the removal of some persistent and hydrophilic TrOCs
[54]. Existing MBR systems use large pore size membranes (either microfiltration or
ultrafiltration) [244]. While these membranes can retain effectively both particulate matter
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and some pathogenic agents, they are not able to retain low molecular weight organic
species. For these species, the retention time is the same as the hydraulic retention time,
which is typically very short in a typical MBR process. As a result, conventional MBR is
only effective for the removal of most but not all TrOCs.
Forward osmosis (FO) is another emerging water treatment technology that has come under
significant interest and been the subject of numerous investigations in recent years [72, 98100]. In FO, water is extracted from a feed solution utilising the high osmotic pressure of a
concentrated draw solution that flows on the opposite side of an FO membrane. A reverse
osmosis or distillation process can be utilised to reconcentrate the draw solution for reuse in
the FO process and to produce purified water. FO operates at virtually no (or very low)
hydraulic pressures. As a result, it has a lower membrane fouling propensity and membrane
fouling is much more controllable than pressure-driven membrane processes such as
nanofiltration and reverse osmosis [101]. Because only a small hydraulic pressure is
required in the FO process to overcome flow resistance in the membrane module, the set up
of an FO system can be very simple. In addition, FO has the potential to effectively remove
a wide range of contaminants of concern in typical water and wastewater treatment
applications, although this particular aspect has not been fully substantiated [72, 80]. The
use of FO for water and wastewater treatment has been evaluated in numerous bench scale
and pilot scale studies [98]. Full scale application of FO for landfill leachate treatment has
also been reported [98].
A novel concept of combining activated sludge treatment and FO membrane separation for
wastewater treatment has recently explored by several groups of authors [73, 81, 104]. This
process is commonly referred to as osmotic membrane bioreactor (OMBR). OMBR retains
the inherent advantages of both MBR and FO. The high rejection capacity of the FO
separation process can effectively retain small and persistent TrOCs in the biological
reactor, thus significantly prolonging their retention time in the reactor and subsequently
facilitating their biodegradation. Limited evidence from three short term bench scale studies
[73, 81, 104] obtained currently available in the open literature indicates that OMBR may
offer a simple and elegant technological solution for the production of high quality effluent
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for water reuse or for direct effluent discharge in environmentally sensitive areas.
Nevertheless, the OMBR concept is still in its infancy. In particular, the removal efficiency
of TrOCs by OMBR has not been evaluated. This study aims to assess the feasibility of
OMBR for wastewater treatment applications. Permeate flux and basic biological
performance of a laboratory-scale OMBR system were systematically investigated. The
removal of 50 TrOCs over an extended operation period was also reported and delineated in
detail.
6.2

Materials and methods

Detailed descriptions of the OMBR set-up, operation protocol, and analytical techniques
have been provided in chapter 3. One month in advance before the starting of OMBR
experiments, the sludge wasn’t exposing to sludge withdrawal or any type of chemical
pollutants to obtain vigorous bioavailability. The MLSS concentration in the feed side of
OMBR set-up was at 3.4 g/L at the start. TrOCs were continuously introduced daily to the
feed solution of OMBR to achieve a constant concentration of approximately 750 ng/L of
each selected chemical. Subsequently, the OMBR was operated couple of times for 7 days
continuously to investigate the performance of the OMBR for trace organics removal. In
this chapter, the obtained data is systematically analysed to assess the overall performance
of the hybrid OMBR system.
6.2.1 Model trace organic contaminants
In this study, 50 organic compounds (Table 6-1) were selected to represent four major trace
organic groups of concern in water reuse applications – namely pharmaceutically active
compounds, pesticides, steroid hormones, and other endocrine disrupting chemicals. The
occurrence of many of these trace organic compounds in domestic sewage has been widely
reported in the literature. Their molecular weights are in the range from 138.1 to 454.6
g/mol. Thus these selected trace organic compounds are not expected to be retained by
microfiltration or ultrafiltration membranes, which are usually employed in conventional
MBR systems. All selected trace organic compounds were of analytical grade. A combined
stock solution was prepared in pure acetonitrile. The trace organic stock solution was kept
in a freezer and was used within less than a month.
120

Chapter 6 Performance of OMBR

Table 6-1: Selected TrOCs and their analytical detection limits.
Compound
Salicylic Acid
Paracetamol
Phenylphenol
Polyparaben
DEET
Caffeine
Simazine
Ibuprofen
t-octylphenol
Atrazine
Primidone
Meprobamate
Nonylphenol
Naproxen
Diuron
Carbamazpine
Linuron
Gemfibrozil
Dilantin
Triamterene
Sulfamethoxazole
Ketoprofen
Pentachlorophenol
Atenolol
Estrone
17β-Estradiol
17α-Estradiol
Amitriptyline
Androstenedione
Estriol
Testosterone
Triclosan
Trimethoprim
Etiocholanolone
Androsterone
Diclofenac
17α-Ethynylestradiol
Diazinon
Fluoxetine
Triclocarban
Clozapine
Omeprazole
Chlorpyrifos
Hydroxyzine
Enalapril
Risperidone
Simvastatin
Simvastanin hydroxy acid
Methotrexate
Verapamil

Formula
C7H6O3
C8H9NO2
C12H10O
C10H12O3
C12H17NO
C8H10N4O2
C7H12ClN5
C13H18O2
C14H22O
C8H14ClN5
C12H14N2O2
C9H18N2O4
C15H24O
C14H14O3
C9H10Cl2N2O
C15H12N2O
C9H10Cl2N2O2
C15H22O3
C15H12N2O2
C12H11N7
C10H11N3O3S
C16H14O3
C6HCl5O
C14H22N2O3
C18H22O2
C18H24O2
C18H24O2
C20H23N
C19H26O2
C18H24O3
C19H28O2
C12H7Cl3O2
C14H18N4O3
C19H30O2
C19H30O2
C14H11Cl2NO2
C20H24O2
C12H21N2O3PS
C17H18F3NO
C13H9Cl3N2O
C18H19ClN4
C17H19N3O3S
C9H11Cl3NO3PS
C21H27ClN2O2
C20H28N2O5
C23H27FN4O2
C25H38O5
C25H40O6.H3 N
C20H22N8O5
C27H38N2O4

MW (g/mol)
138.12
151.16
170.21
180.2
191.27
194.19
201.66
206.28
206.32
215.68
218.25
218.25
220.35
230.26
233.09
236.27
249.09
250.33
252.27
253.26
253.28
254.28
266.34
266.34
270.37
272.38
272.38
277.4
286.41
288.38
288.42
289.54
290.32
290.44
290.44
296.15
296.4
304.35
309.33
315.58
326.82
345.42
350.59
374.90
376.45
410.48
418.57
436.58
454.44
454.60
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CAS number
69-72-7
103-90-2
90-43-7
94-13-3
134-62-3
58-08-2
122-34-9
15687-27-1
140-66-9
1912-24-9
125-33-7
57-53-4
104-40-5
22204-53-1
330-54-1
298-46-4
330-55-2
25812-30-0
57-41-0
396-01-0
723-46-6
22071-15-4
87-86-5
29122-68-7
53-16-7
50-28-2
57-91-0
50-48-6
63-05-8
50-27-1
58-22-0
3380-34-5
738-70-5
53-42-9
53-42-9
15307-86-5
57-63-6
333-41-5
54910-89-3
101-20-2
5786-21-0
73590-58-6
2921-88-2
68-88-2
75847-73-3
106266-06-2
79902-63-9
139893-43-9
59-05-2
52-53-9

Detection limit (ng/L)
5
5
10
10
5
5
5
5
10
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
10
5
10
5
5
5
5
5
5
5
5
5
5
5
10
5
5
5
5
5
5
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6.3

Results and discussion

6.3.1 Pure water and reverse draw solute permeation
The asymmetric membrane used in this study can be orientated in two different
configurations. When the active layer (AL) is in contact with the draw solution (DS), it is
called the pressure retarded osmosis (PRO) mode. When the membrane is orientated in the
opposite direction and the active layer is in contact with the feed solution, it is called the
forward osmosis (FO) mode. Both orientations were evaluated using Milli-Q water as the
feed solution and a NaCl solution as the draw solution. As expected, the permeate flux in
the PRO mode was significantly higher than that in the FO mode with the same draw
solution concentration (Figure 6-1). In addition, changes in the reverse salt flux closely
resembled those of the water flux (Figure 6-1). The difference in permeate flux between the
PRO and FO mode can be attributed to the internal concentration polarisation (ICP)
phenomenon which has been previously described in detail by Elimelech and co-workers
[201, 208]. In an ideal situation, under an osmotic driving force, pure water is transported
across the membrane from the feed solution to the draw solution. Therefore, this
spontaneous flow of water across the membrane is directly proportional to the osmotic
pressure difference across the active layer of the membrane. In the FO mode, the solute in
the draw solution must penetrate the porous support layer to the interior surface of the
active layer to facilitate an osmotic gradient across the active layer. However, the flow of
water across the active layer into the support layer will dilute the draw solution
concentration within the porous support layer. As a result, the actual osmotic pressure at the
interior surface of the active layer is lower than in the bulk draw solution (Figure 6-2). This
phenomenon is commonly referred to as “dilutive ICP”. ICP can also arise in the PRO
mode but in a different form. In contrast to the FO mode, pure water is transported from the
feed solution through the porous support layer, then the active membrane layer, and finally
to the draw solution. Solutes transported into the porous supporting layer due to convection
can be retained by the active layer, leading to a build up of osmotic pressure at the interior
surface of the active layer (Figure 6-2). This “concentrative ICP” phenomenon is
insignificant when pure (or Milli-Q) water is used as the feed solution.
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Figure 6-1: Water flux as a function of NaCl concentration in the draw solution. Milli-Q water was
used as the feed solution. Cross-flow velocity of the feed and draw solution circulation flow was 4.0
cm/s. Feed and draw solution was maintained at 22.5 ±0.1 ºC.

Figure 6-2: Schematic diagram of (a) dilutive and (b) concentrative internal concentration polarisation.
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The results regarding water and salt flux reported above are indeed consistent with the
theory of internal concentration polarisation. Because Milli-Q water was used as the feed
solution in this set of experiments, ICP did not occur in the PRO mode. As a result, water
flux increased linearly as the draw solution concentration increased. In the FO mode, a
linear correlation between pure water flux and the draw solution concentration was also
observed but only in the range between 0.5 and 1.5 mol/L of NaCl. It is notable that the
water flux did not increase as the concentration of NaCl in the draw solution increased to
beyond 1.5 mol/L. It is also noteworthy that, in the FO mode, the effect of ICP on the water
flux was more severe as the draw solution concentration increased. In previous
investigations the draw solution concentration was allowed to decrease as water diffused
through the membrane from the feed solution, resulting in gradual flux decline overtime
[73, 80, 81]. In this study, a conductivity control device was used to maintain a constant
draw solution concentration throughout the experiment (Section 3.2.3). Because Milli-Q
water was used as the feed solution in these experiments, the permeate flux was always
stable and independent of the operating time. The reported results indicate that the ICP
could instantaneously reach a steady state condition (Figure 6-3).
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Figure 6-3: Water and Salt flux as a function of operation time at different concentrations of NaCl in
the draw solution. Milli-Q water was used as the feed solution. Cross-flow velocity of the feed and
draw solution circulation flow was 4.0 cm/s. Feed and draw solution was maintained at 22.5 ±0.1 ºC.
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The reverse transport of solute from the draw to the feed solution is another important
aspect in osmotically driven membrane processes. In good agreement with a previous study
by Hancock and Cath [273] the specific reverse salt flux (or the ratio of the reverse salt flux
over water flux) was independent of the draw solution concentration. In the PRO and FO
mode, the specific reverse flux of NaCl was 0.87 ±0.5 and 0.79 ±0.02 g/L, respectively,
over the entire range of draw solution concentration investigated here (Figure 6-1). The
reverse salt flux will lead to an increase in salinity in the feed solution thus can have a
significant implication on long term operation of the OMBR process.
6.3.2 Osmotic membrane bioreactor operation
OMBR experiment was performed in the PRO mode because this mode of operation can
result in a higher water flux than the FO mode. A mixed liquor solution (MLSS = 3.4 g/L)
was used as the feed solution and the dissolved oxygen level in the bioreactor was
maintained at above 2 mg/L. Due to the osmotic pressure of the mixed liquor solution, as
expected, the initial permeate flux obtained from the OMBR system was slightly lower than
the values obtained when Milli-Q water was used as the feed solution (Section 6.3.1). There
was a significant permeate flux decline within the first two days of the experiment. A stable
permeate flux value of approximately 3 L/m2 h was observed beyond four days of
continuous operation (Figure 6-4). This low value of water flux could be attributed to the
cake layer of biomass on the membrane surface which can hinder the transport of water and
at the same time lead to an osmotic build up on the feed side of the membrane.
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Figure 6-4: Water flux as a function of operation time at different concentrations of NaCl
in the draw solution. A mixed liquor containing 3.4 g/L of MLSS was used as the feed
solution. The active layer of the FO membrane was placed against the draw solution (PRO
mode). Cross-flow velocity of the feed and draw solution circulation flow was 2.0 cm/s.
Feed and draw solution was maintained at 22.5 ±0.1 ºC.
Biological performance of the OMBR system was assessed by evaluating the production of
biosolids and associated TOC removal by the reactor. The MLSS concentration in the
reactor increased from 3.4 to 3.7 g/L over seven days of continuous operation. In addition,
after seven days of operation, TOC concentration in the supernatant taken from the
biological reactor was reduced from 205 mg/L to 27.3 mg/L, representing 87% removal
solely due to biological degradation. Because membrane filtration would provide an
additional removal of organic Colloidal particles, the overall removal efficiency of TOC by
the OMBR system can be expected to be even higher than 87%. Due to the very high NaCl
concentration of the draw solution, it was not possible to accurately measure the TOC
concentration of the permeate sample. Thus, the exact TOC removal efficiency of the
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OMBR system could not be directly determined. The small increase in MLSS content and
the TOC removal efficiency of 87% by the reactor confirmed that that the system was
biologically active throughout the experiment. However, it is necessary to note a significant
salinity build up in the biological reactor. Conductivity of the mixed liquor solution after
seven days of continuous operation was 8270 µS/cm, corresponding to approximately 4.13
g/L of NaCl (in comparison to the initial conductivity of 268 µS/cm). This build up of
salinity is also consistent with a gradual decrease in the ratio of MLVSS over MLSS from
0.87 to 0.66 after seven days of operation. The decrease in the ratio of MLVSS/MLSS
indicates that biological activity of the reactor may have deteriorated over the time. These
results are consistent with those from Yogalakshmi and Joseph [281], when the MBR is
exposed to different sodium chloride shock loads. The results showed an increase in MLSS
by 4%, 8–10%, and 13–16%, which correspond to sodium chloride shock loads of 5, 10–30
and 50–60 g/L, respectively. Conversely, the MLVSS was lowered by 5, 3–5, and 7–8% at
the same doses of NaCl. Yogalakshmi and Joseph attributed the decrease in MLVSS to the
death and washout of biomass which caused by plasmolysis or cell death as a result of high
salt concentrations [281]. Additionally, it may also indicate the presence of more inorganic
constituents such as sodium chloride in the sludge, which causes an increase in suspended
solids [281, 282].
6.3.3 Removal of trace organics
Feed and permeate concentrations as well as the corresponding removal efficiency of 50
trace organic compounds after seven days of continuous operation are presented in Figure
6-5 in order of increasing molecular weight. Data presented here clearly highlight the
complementariness between a high rejection membrane process and a biological treatment
system. The OMBR system demonstrated excellent removal capacity for almost all
compounds with molecular weight more than 266 g/mol (Figure 6-5). Physical separation
by size exclusion can play a major role in influencing the rejection of TrOCs by the HTI
membrane, particularly with charged compounds, where the rejection is increased with
increasing TrOC molecular weight, as mentioned in section 5.4.1. Indeed, 22 out 27
compounds with molecular weight above 266 g/mol selected in this study were removed to
127

Chapter 6 Performance of OMBR

below the analytical detection limit. Three other compounds (triclosan, omeprazole, and
risperidone) were detected in permeate at concentration marginally above the analytical
detection limit. Because large molecular weight compounds can be effectively retained by
the FO membrane, their actual retention time in the biological reactor can be much higher
than the hydraulic retention time of the system. An increase in their retention time in the
reactor facilitates further biological degradation, thereby leading to high removal
efficiency. Of the 27 compounds with molecular weight above 266 g/mol selected in this
study, only two compounds were not effectively removed by OMBR treatment. The
removal efficiencies by the OMBR of these compounds, trimethoprim and diclofenac were
32% and 30%, respectively. These two compounds have been reported to be resistant to
biological treatment [54, 283]. Since these two compounds are not amendable to biological
treatment, their concentration would continuously build up in the reactor over time (268 to
8270 µS/cm/week). This would eventually lead to their permeation across the FO
membrane as can be seen in Figure 6-5. This hypothesis is supported by a short term
experiment by Cartinella et al. who investigated the rejection of the steroid hormone
estrone by FO membranes [80]. Using a feed volume of 900 mL and a draw solution
volume of 300 mL, Cartinella et al. reported a gradual decrease in estrone rejection from
almost 100% to approximately 75% as the draw solution volume increased from 300 to 900
mL (corresponding to a system recovery of 70%) [80]. The authors attributed this decrease
in estrone rejection to the gradual diffusion of the compound through the membrane matrix
under an increasing chemical concentration gradient as the feed solution became more
concentrated [80]. The low removal efficiency of trimethoprim and diclofenac clearly
indicates that physical rejection by the FO membrane alone cannot explain the high
removal efficiency of most compounds with molecular weight higher than 266 g/mol as can
be seen in Figure 6-5. Indeed, the removal of trace organic compounds with molecular
weight higher than 266 g/mol by OMBR treatment appears to be governed by the interplay
between physical separation and biological degradation (Figure 6-5).
The removal efficiency values of trace organic compounds with molecular weight less than
266 g/mol varied from negligible removal (i.e. simazine, atrazine, and diuron) to removal to
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below the analytical detection limit (i.e. paracetamol, phenyl-phenol, and ibuprofen)
(Figure 6-5). Given their small molecular weights, physical rejection of these compounds
by the FO membrane is expected to be minimal. Therefore, their removal efficiency by
OMBR treatment depends mostly on biological degradability. In fact, most compounds
with less than 50% removal efficiency have been shown to be very recalcitrant to biological
treatment in several previous studies. These include DEET, simazine, atrazine,
meprobamate, diuron, carbamazepine, dilantin, and triamterence [54, 98, 162, 167, 283].
On the other hand, compounds previously reported to be very amendable to biological
treatment were removed to below the analytical detection limit. These include paracetamol,
phenyl-phenol, propylparaben, ibuprofen, and gemfibrozil (Figure 6-5) [54, 162, 167].
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6.4

Conclusion

A novel osmotic membrane bioreactor (OMBR) was presented in this study. Short term water
fluxes for experiments with activated sludge operated at a mixed liquor solution (MLSS) of 3.4
g/L. Due to the osmotic pressure of the MLSS, the initial permeate flux obtained from

the OMBR system was slightly lower than the values obtained when Milli-Q water was
used as the feed solution. There was a significant decline in permeate flux within the
first two days of the experiment, mostly due to membrane fouling, followed by a stable
permeate flux of approximately 3 L/m2 h after four days of continuous operation. The
MLSS concentration in the reactor increased from 3.4 to 3.7 g/L. Conversely, there was
a gradual decrease in MLVSS/MLSS ratio from 0.87 to 0.66, with a reduction in TOC
concentration by 87%, after seven days of operation.
The removal of 25 out of 27 trace organic compounds with molecular weight higher
than 266 g/mol was high and was possibly governed by the interplay between physical
separation of the FO membrane and biological degradation. On the other hand, the
removal efficiency values of the other 23 trace organic compounds with molecular
weight less than 266 g/mol were very scattered. The removal efficiency of these low
molecular weight compounds by OMBR treatment appears to depend mostly on
biological degradability. There was evidence of continuous deterioration of biological
activity of the OMBR, possibly due to salinity build-up in the reactor.
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CHAPTER 7: CONCLUSIONS AND RECOMMONDATION
This thesis began with a thorough literature review to demonstrate the importance of the
current techniques available to treat TrOCs from different wastewater resources, and to
identify the critical points for subsequent investigations. A comprehensive list of
compounds were selected for this study to represent four major trace organic groups of
concern in water reuse applications, namely pharmaceutical and personal care products,
steroid hormones, industrial compounds, and pesticides. The trace organic removal
mechanisms were systematically elucidated by relating removal with the bioreactor and
membrane characteristics, and the physicochemicals properties of the organic solutes. The
research was conducted with different membrane processes including MBR-NF/RO, FO,
and OMBR.
In Chapter 4, a combination of membrane bioreactor (MBR) and nanofiltration/reverse
osmosis (NF/RO) membrane filtration as a hybrid process was evaluated for the removal of
TrOCs. Results reported in this chapter indicate that NF/RO membrane filtration and MBR
treatment can complement each other very well, and efficiently remove a wide range of
TrOCs. Hydrophobic and biodegradable trace organic compounds can be effectively
removed using the biological reactor, due to a ready adsorption to MLSS. Whereas,
hydrophilic trace organic compounds were effectively removed by the NF/RO membranes
selected in this study, particularly the RO membranes. This combination of MBR and the
low pressure RO membrane ESPA2, resulted in more than 95% removal, or removal to
below the limit of analytical detection, of all 40 trace organic compounds investigated in
this study. The results reported in this chapter also suggest that NF/RO membrane fouling
could be mitigated by selecting the appropriate membrane.
Chapter 5 discusses the rejection of 40 trace organics by promising technology such as
forward osmosis (FO) by using different modes (PRO, FO, RO), and then compares the
findings with the results of the nanofiltration membrane (NF90) applied under the same
conditions. In the RO mode, electrostatic interaction played a major role in the rejection of
charged TrOCs. While, in the FO and PRO modes, the rejection of charged trace organics

132

Chapter 7 Conclusions and recommendations

was controlled by both electrostatic interaction and size exclusion. In the absence of
electrostatic interaction, the rejection of neutral compounds was dominated by size
exclusion, and the rejection increased as the molecular weights of the compound increased.
The HTI FO membrane resulted in a considerably higher water flux than the NF90 when
operated in an osmotically driven configuration. But conversely, the NF90 consistently
rejected trace organics better than the HTI membranes, with much lower or no flux.
Another interesting observation from this chapter is that the rejection of neutral compounds
in the FO mode was higher than in the RO mode, which could be attributed to the regarded
forward diffusion in the FO mode when the reverse salt flux is significant.
The performance of a novel osmotic membrane bioreactor (OMBR) system to stabilise the
flux and remove trace organics was discussed in Chapter 6. In this chapter, 50 organic
compounds were selected to represent four major trace organic groups of concern in water
reuse applications. The result demonstrated that the removal of 25 out of 27 trace organic
compounds with a molecular weight higher than 266 g/mol was high, and was possibly
governed by the interplay between the physical separation of the FO membrane and
biological degradation. On the other hand, the removal efficiency values of the other 23
trace organic compounds with a molecular weight of less than 266 g/mol were scattered.
The removal efficiency of these low molecular weight compounds by OMBR treatment
appears to depend mostly on their biological degradability.
Results reported in this thesis also lead to several recommendations for further study:


The combination of the MBR and NF/RO process for removing TrOCs from synthetic
wastewater is feasible. The pre-treatment of the wastewater by MBR is effective in
controlling NF/RO membrane fouling. The efficient, cost-effective of the wastewater
treatment by the combination system and fouling potential of membrane will need to
be investigated in a pilot scale experiment over an extended period.



The FO mostly removed the large molecular weight trace organic compounds which
were possibly governed by the physical separation of the FO membrane. There is a
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limitation in removal of smaller trace organic compounds in FO system. Therefore,
further membrane development to achieve smaller pore size, higher pore density and a
thinner active layer is needed to improve the removal of these small organic
compounds. The issue of membrane ageing due to biological and chemical degradation
has not been addressed in this thesis.


The use of NaCl as the draw solution in osmotic bioreactor has been studied in this
research. The biological activity of the OMBR system continued to deteriorate during
the experiment, possibly due to the build-up of salinity in the reactor. Consequently,
there is a need to investigate new safe draw solutes that can induce high osmotic
pressure without disturbing the biological community in the reactor or method that can
enhance the resistance of the microbial again salinity build-up.
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